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SUMMARY
The spectral power distributions of the flames produced by 
a number of pyrotechnic compositions has been examined in the 
waveband 400 to 1000 nanometers. To do this a rapid scanning »■. . 
Perkin Elmer Model 108 monochromator was modified and operated 
as a spectroradiometer at 2\ scans per second through the- waveband
The spectral power distributions are presented in^graphical 
form, together with tabulations of their luminous intensities' and. 
chromaticity co-ordinates. There is also a discussion on the 
probable, assignments of line and band structure observed in the 
spectra to species present in the flame.
At these scanning speeds, it was evident from the spectral 
power distributions that the power radiated by the flame varied 
iii a periodic manner. An attempt has, therefore, been made to 
relate existing theories of stable and unstable combustion to 
the processes occurring in pyrotechnic flames.
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Salts of soda give a copious and purely homogenous yellow.
Salts of potash give a beautiful pale violet.
Salts of lime give a brick red, in whose spectrum a 
yellow and a bright green line are seen.
Salts of stfontia. give a magnificent crimson. If analysed 
by the prism two definite yellows are seen, one of 
which verges strongly to orange.
Salts of magnesia.-give no colour.
Salts of lithia give a. red (on authority of Dr.Turner's . 
experiment with the blow-pipe)
Salts' of baryta give a fine pale apple-green. This contrast 
between the flames of baryta.and strontia Is extremely 
remarkable.
Salts of copper give a superb green, or blue green.
Salts of iron (protoxide) give white, where sulphate was 
used.
The colours thus communicated by the different bases to flames,
afford in many cases a ready and neat way of detecting extremely
minute quantities of them.
Sir J.F.W.Herschel, 
Encyclopaedia Metropolitana, 
Pub. J.T.Griffin, London (1848)
Thus i t  w i l l  b e  fo u n d  t h a t ,  in  g e n e r a l ,
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AN EXAMINATION OF- THE SPECTRAL POWER OUTPUT 
OF A NUMBER OF PYROTECHNIC COMPOSITIONS
INTRODUCTION
In this thesis the light outputs emitted from a number 
of "standard” pyrotechnic compositions in the wavelength 
range 400 to 1000 nanometers are presented. These take the 
form of graphs with the .radiant power emitted in watts. '- ..
steradian . 5nm . plotted as the ordinate against wavelength 
in nm. plotted as abscissa, together with a discussion of the 
results obtained. *'•' v- ft. ;
.■ %  The first part limits its discussion to the technique of 
the measurement of the spectral power distribution of a/source, 
the experimental methods employed and their influence upon the ;. 
accuracy with;which the measurements were made.
It is thought that one advantage of this "Flare Catalogue" 
over its predecessors is the greater time resolution obtained 
by the use of the rapid scanning Perkin-Elmer 108 monochromator.
As a consequence, it has been possible to extract the data in 
.the form of maximum, average, and minimum energy emitted as 
visible and near infra red radiation.during the period immediately 
after any Ignition transients have decayed away to the end of 
the burn. For a certain group of pyrotechnics, it was found that 
the light output varied so greatly, that, in addition to the vft' 
above form of presentation, the time dependence, of the intensity 
of radiation of a given wavelength has been presented. This data 
clearly demonstrates a periodic nature in the variation. The
causes for this are as yet unknown, but a detailed discussion 
and review of the present theories'available for tlie explanation 
and prediction of unstable combustion are discussed in the second 
part of this 'thesis.
A note should, be added to this introduction which will be .•?■/'. 
repeated in the text, to tlie effect that the compositions examined 
. in 'tliis report were burnt under ambient conditions-of ^ room-h - 
temperature and. pressure with a slight updraught, of air to remove 
smoke, from the burning -sur-face.iThe in j udicious useofextra- *' ' ‘"-:-
polation procedures to the data or of its application to situations:! 
in which the .ambient conditions'• are very different from that 
stated below is to be strongly deplored. It is known that such ; - •: *
actions lead to erroneous results and 'these will be discussed, in. j - - 
detail later.
'HUH FLARES AND THEIR CONDITIONS OE BURNING
As in previous studies (1), the flares examined were of an - 
experimental nature, produced a.t R. A. R. D»IH., Langhurst. The rates 
of production and of firing were such that the storage time of 
these compositions was always less than three months and so it is A 
unlikely that the effects due to deterioration caused by excessiye<;V'• 
storage time were present. As a precaution, the compositions were ' ' 
stored in containers containing a hygroscopic agent and were wrapped •• 
in wax impregnated paper.
'Hie flares were of one square inch burning surface area tin 
• the5 form of cylindrical ’candles’. In order to constrain" the- fl^ ne/'Hy y 
to burn in a cigarette fashion the bare pellet was encased in 
paper around its sides, and base. On some occasionsy when the flare; ",* ■ 
was ignited, the paper case burnt away at such a rate as to be y 
level with the burning surface,, on others the effect was such that . 
the burning surface was below, that of the case so that some 
obscuration of the flame occurred. The method of construction of 
the flares used an incremental pressing technique whereby the 
. empty case was filled loosely with composition, compressed to a.
-given loading,/refilled with loose composition and/again compressed. 
Ihis process was repeated.until the desired length of pyrotechnic , 
was achieved. The length of the composition was decided by a V .
requirement of 20 seconds burning time and the-, known rate of 
burning of each mixture in seconds per inch. Ignition of the 
flare was achieved by means of an electric squib directed, onto :- 
a primn.g material pressed onto the top of the compositions. ; y ,
The priming mixture consisted of Type No..252 composition plus 
,a. gunpowder as specified below:
5 parts: Type No.252
Potassium Nitrate 40 parts
Silica 40 parts
Sulphurless meal powder 20 parts
3 parts: Gunpowder Type 12
Potassium Nitrate 70 parts
Charcoal ■ 30 parts
This priming material exhibits-two desirable characteris tics 
for the purpose of pyrotechnic ignition. Firstly, the gunpowder 
ensures a reliable "first fire" whilst, secondly, the composition 
Type 252 provides a long duration "spit" of flame which ensures 
that the main body of composition ignites.
The flares were burnt in an enclosure measuring approximately 
A3 feet square. A smoke extraction fan was mounted at a height of
five feet above the flare held upright in retort stand and '■
provided a steady updraught of air over the burning pyrotechnic 
so that the smoke generated would not absorb radiations directed 
towards the spectre-radiometer. The wind speed over, the flame was 
measured using an anemometer and found to be of the order of 10 
to 20 m.p.h. It was unlikely that the magnitude of the wind speed
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would seriously affect the flame size and temperature relative 
to the spurious effects due to smoke absorption or scattering.
In one wall of the enclosure an. aperture of size 4. feet high 
by 3 feet wide was cut, permitting radiation, from the flame 
to enter the spectro-radiometer. The inside walls of the enclosur 
were originally painted a matt colour but owing to tlie high •_ 
temperatures which they attained during-the combustion of many 
pyrotechnics, tliis,paint rapidly burnt away, leaving a rusty, 
bare and pitted surface.'The effect of stray reflections due 
to tliis surface on the spectral power distribution of a source 
measured by the spectro-radiometer is shown to be minimal, by 
observation of the responses of the system to a standard lamp 
placed at a constant distance, before the entrance slits of 
the monochromator both inside and outside tlie enclosure. • .* ■"
For most of the compositions examined tlie method of burning 
described above was quite adequate. However, for certain highly 
energetic flares the size of tlie enclosure was too,' small to 
permit an unimpeded path for light from the flame to enter the 
monochromator and also the updraught of air from the smoke 
extractor fan was not sufficient to remove the smoke ■rapidly 
enough to prevent obscuration of tlie flame. In these cases, 
measurements were carried out in a larger range,similar to that 
described by Awcock et. a.1 (1).
Hie flares were in all cases burnt under cover in a. 
laboratory or in an enclosed range. The ambient temperatures 
varied from about 5°C to 20°C. Typically, the path length 
over which light from the flame travelled to the monochromator 
was 1 m. to 3 m. Since the measurements of the spectral power 
distributions of the flares were limited to the wavelength 
interval 300 nm to 1000 nm,' for which regions the effects- due 
to atmospheric attenuation due to absorption or scattering* of 
region is negligible over these path lengths, no corrections 
were deemed to be necessary to the energy calculations 
described in Section (3.1). Consequently, no attempt was made 
to measure the relative humidity, of the air on any occasions 
when burnings took place. It is doubtful whether relative 
humidity would have had any effect on the flares during the 
time elapsed between their removal from the storage conditions 
described earlier and their combustion due to the physical; 
construction.
However, it is now known that the ambient temperature of 
-. the flame immediately prior, to combustion does indeed have a 
' small but definite effect on the spectral power output. In 
most cases this is enhanced by increasing the ambient temperature 
but in some it decreases the output. At this stage, little is 
known of the. mechanisms involved. The magnitude is small and 
in many cases is completely obscured by the fluctuations in 
light output due to other causes. '
-THE THEORY OF THE MEASUREMENT OF SPECTRAL POWER DISTRIBUTIONS
3.1 The Idealized Case
Suppose a source of radiant power of a given spectral... ; 
distribution (A) is placed before a monochromator having + 
a transmission or bandpass'function M (A, A) where A is
bandpass function M (A, A) is generally; found, for equal i
width of the instrument dA often is defined, as the wavelength 
interval between the points on the transmission;curve at 
which only one half of tlie incident power is transmitted.
For a prism monochromator tlie bandwidth is a function of 
tlie wavelength setting A of 'die instrument. Behind the exit 
slits of the mono dir oma tor is placed a photo-sensitive 
detector whose spectral response is S(A). Assuming tlie 
source completely fills the field of view of the mono­
chromator and is a distance d^ from the entrace slits, then 
the response, r^  (A) of the detector will be:
where k is a constant of proportionality relating 'die, 
output response to the radiant energy. If a second source, - 
Jy (A) is placed before tlie same monochromator at distance
the nominal wavelength setting of the instrument. The
.entrance exit slit widths, to approximate to a symmetrical 
triangle whose axis, .of symmetry is centred on A, T
oo
th e  r e s u l t  w i l l  be
r_ (A) d 2 J- (A) M(A,A) S(a) dx
■t f„, <6 .L C ^  3
r2(A) d^2 (A) M(A,A) s(A) dA
For the idealized case it can. be assumed that M(A,A) is a 
single-valued function. That is, the bandwidth becomes 
infinitely narrow, for which case it can be shown. ■ •
r-l 0) do2 J-i (A)
_ = “ fy ---  ... (3)r2(A) d.L J2(A)
Thus, if one of the spectral sources has a known or 
calculable power distribution, if the distances can be 
measured and if the ratio of the responses to the 
sources of the system at each wavelength setting A can 
be determined, then an unknown power distribution may 
be completely evaluated, wavelength by wavelength, 
using equation (3).
3.2 The Use of an. MgO Diffusing Screen
There are two major difficulties associated with 
the teclmique. Firstly, it is essential that the field 
of view of the monochromator is completely filled with 
all of the incoming radiation during measurements i.e. 
that the monochromator 'sees' the whole of the flame.
If this condition is not true then the inverse square law 
will not be obeyed. There are two methods whereby this 
condition may be fulfilled. The spectro-radiometer may ft y 
be placed at a sufficiently, great distance that the entire 
flame is completely enclosed by the field of view of the 
instrument. For many commercial instruments the light, grasp 
is deliberately made very small so as to ensure that the 
: light entering the slits deviates from the principal axis 
by only a small amount. In this way the difficulties of 
designing and building optical systems which do not exhibit 
chromatic abberations is greatly eased. Consequently, for 
the sizes of the flames being examined in this report, and 
the field of view of the monochromator used, a. range of 
about 50 feet was required to fulfill the inverse square 
condition. The physical dimensions of the laboratory in 
which these measurements were carried out did not permit 
this. In addition, the alignment of. the monochromator with 
the source is extremely critical due to the very narrow field, 
of view. One method by which these problems were overcome 
was the use of a diffuse, reflecting material placed before 
the entrance slits of the;monochromator. This material must 
reasonably approximate to the concept- of the lambertian 
reflector. There are a few materials which will do this, 
such as' smoked or pressed magnesium oxide, pressed or 
' painted barium sulphate,, or a matt surface opal glass. In 
this series of experiments, smoked magnesium oxide was
chosen as the diffusing material because of its ease of 
preparation and the fairly uniform reflectance that it 
exhibits to light with wavelengths between 350 nm.. to 
1000 11mo A discussion of its preparation and its 
properties is given in Section (5.2). It should be 
pointed out that a knowledge of the reflectivity of 
magnesium oxi.de as. a function of the wavelength of the 
incident light is not required since the. measuring technique 
employs a ratio method of tlie detector responses to each 
source at each wavelength of interest. The use of a diffuse 
reflector ensured tliat the field of view of the monochromato 
is always completely filled and. also averages tlie spectral 
power distribution from the flame which will vary according 
to which part of the flame the light is emitted. It thus A., 
eliminates spurious effects due to the variation of 
sensitivity of the photomultiplier detector over, its photo­
sensitive area. In addition, tlie alignment of the mono­
chromator with the flare or of both with the, diffusing 
screen is not at all critical since all tlie radiation " ■
incident upon the screen is re-radiated uniformly in all- 
directions. Unfortunately, because of this fact, conslderabl 
attenuation of the incoming radiation occurs prior to 
entering the monochromator and as a result requires that the 
distance of the flare from the diffusing screen be 
extremely small and some amplification of the signal from 
the detector prior to its being recorded is necessary.
bandpass function is not really a single valued one but
is still a function of wavelength after A has been set.
The term monochromator is, therefore, a misnomer. What
happens in practice is that light with a wavelength range•
of A ± dx is transmitted through the monochromator,
weighted according to its effect upon the detector by
the transmission or bandpass function of the instrument.
Figure (1) shows a typical bandpass function for this
instrument. It can be seen that it approximates to a
triangular shape due to the equal entrance and slit
widths. Most of the measurements made with this instrument
utilized a slit width of 0.2 mm which, for the CaT'^
prism used, gave a bandwidth varying almost linearly , 
o ofrom 10 A to 80 A at wavelengths of 300 ran. and 1000 nm. 
respectively.
Whether or not the bandwidth of the instrument becomes 
a critical factor in the measurement of spectral power 
distributions depends upon the nature of the sources and 
upon their intensities. If sources with continuous power 
distributions are being viewed, for example, a grey or 
blaclcbody source with a tungsten lamp, then the bandwidth 
is not very critical. If, however, the unknown source 
exhibits.'discontinuities such as emission or absorption 
bands or lines and is compared with a 'substandard' 
tungsten lamp, then the bandwidth of the instrument, if ■
3 .3  S l i t  C o r r e c t io ns
The s e c o n d  d i f f i c u l t y  a r i s e s  fro m  th e  f a c t  t h a t  th e
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too large relative to the width of the lines being 
observed., may cause the observed power distribution • 
to become distorted. Mien this occurs there are two 
methods to overcome this difficulty.
Provided sufficient energy is emitted by the 
source the slit width of the .instrument may be reduced 
until the line width and bandwidths are comparable.
In this way the ratio of the line energy to the 
continuum energy, which varies with slit width in a 
linear and second order fashion respectively, may be 
improved within a given bandwidth so that no distortion 
of the incident spectral power distribution during its 
passage through the monochromator occurs. Unfortunately, 
there is a limit to the extent to which the slitwidths 
may be reduced due to the presence of noise in the 
detector. As the line to continuum ratio improves, the 
response of the detector to each becomes increasingly 
non-linear. The problem may be eased by the use of a 
chopper and tuned amplifier or phase sensitive amplifiers 
and the use of calibrated optical or electrical 
attenuators in the recording system.
In all these techniques, care has to be exercised if 
spurious results are to be avoided. The use of tuned 
amplifiers may distort or even prevent the use of a rapid 
scanning technique to the study of spectral power
-  19 -
L in e  P r o f i l e s  f o r ,  Hg 5461
F ig u r e  (1 )  Bandpass F u n c t io n s  o f-  P e rk in -E lm e r  108 M onochrom ator
distributions . Rapid scanning, methods also preclude the 
use of attenuators.in the system to ensure linearity.
It will have become evident in the last few paragraphs 
that one of the major difficulties with the use of a rapid 
scanning spectro^ -radiometer is the inability to set the . 
operating parameters of the instrument to the appropriate 
values at each point throughout ‘the spectral range of 
interest. The only course open to the operator;is to set* 
his instrumentation to a good 'average* -/value or to run 
a*series of experiments in order to maximize the effec­
tiveness of the .instrumentation in each region of 
interest. In fact, for this series of measurements a 
compromise approach was used. For the region 300 nm. , 
to 650 nm. an EMI 9558 QA photo-multiplier was d^ed with , 
the appropriate instrument, settings and an RCA 7201 photo­
multiplier for the 650 nm. to 1000 nm. region. These 
types were chosen for their wide spectral ranges and 
were selected by the manufacturers for maximum . 
sensitivity.
The previous points maybe illustrated further byft; A 
considering the case of a magnesium/tpdium; nitrate 
pyrotechnic*which is believed to produce a flame which 
typically has a temperature of about 2500°K. This... flare 
will produce particles of magnesium oxide which will act 
as thermal radiators at"this temperature, emitting their :
energy in a 'greybody* fashion. Figure (2) shows the 
relative power distribution emitted by a bladkbody 
radia/tor at 2500°K, and since the emissivity of the 
magnesiron oxide may, to a first approximation, be 
considered constant, it can be seen that the ratio 
of the energies in a 5 nm. bandwidth in the blue 
(400 nm) and red (650 nm) is of the order of 25.
Superimposed oil. this‘curve there are several 
emission and absorption lines and; bands due to the 
excited species present in the flame. The identifiable 
lines with this composition are an absorption line at
589.3 nm due to the 3^ S, - 3^P^ and'S^S^y - Na
2 2 ..... .. . 2* 
transitions, and the MgO green band with band head
at 500.7 nm corresponding to the ’e - 1 e transition,
although this may not be completely resolved. As a
< general rule, because of the energies involved with this
pyrotechnic system, it can be said that tlie lines and .
bands observed will mainly be in the visible and near
infra red. regions . Since there is little energy in
the blue region it is desirable to have the slits wide
open and problems due to lines or bands will not be
present. Typically, the operating bandwidth will be
between 1.5 nm to 3.0 nm. Given these settings, ~ :/
because a prism instrument was used, the bandwidth in
the red region will be between 8.0 to 15.0 nm; w

In this region, a bandwidth around 2.0 nm is required 
to resolve any band structure/but the value is almost 
an order of magnitude away from this. Considering only 
•die continuum falling upon the detector, the change in 
bandwidth due to the prism will result in an increase 
in-signal of around thirty to forty times, which 
coupled with the change in greybody energy and assuming 
a flat response, results in a thousandfold increase in 
detector signal. Any emission lines present may easily 
increase this by a further fact of ten.
Let us now look into the question of the detection
and recording of this signal. The noise generated in the
anode load resistance due to random thermal fluctuations
is /4-kTAf/R whidi for a bandwidth of 10 KHz and 300°K 
-9is about 10 amps. The choice of bandwidth is determined 
by the maximum frequencies which are required to be 
amplified and are due to the incoming spectral power 
distribution and the scanning rate of the monochromator. 
Hie noise from the photo-multiplier due to shot and 
flicker, effects are thought to be of about the same order 
of magnitude as the noise caused by random thermal 
fluctuations. Assuming a figure of merit for the recording 
system of 100, then the minimum detectable signal from
„ 7the photomultiplier is about 10 amps. This is required 
in the blue region of the spectrum. As a consequence,
the signal from the red pa.rt of the spectrum will be / ;
• ’ v-10 ; amps. Generally, most photo-multipliers may be ; > .;
operated at currents of up to 10 A amps without the
effects of fatigue and saturation seriously occurring,
and in this case the peak signals exceed the desirable
value by an order of magnitude. A compromise between
the irreconcilable features has to be made and the
best compromise is achieved by setting the slits at
‘some intermediate value so that not-too much blue
signal will be ’buried' in noise, and yet the resolution
and magnitude of signal in the red region will be
acceptable for the source being viewed.
Assuming that the above course of action has been 
taken, it is still.possible to- improve the quality of. 
tile data. An indication of degeneration of the data due 
to the bandwidth of the monochromator may be seen in 
Figure (3) where an idealized case of an instrument with 
a triangular bandpass is scanned over some emission 
-lines, and the response from the detector, assumed flat 
over the wavelength interval, is plotted against wave­
length. It can be seen that the peak responses: still 
occur at the original wavelengths but that the 'troughs' 
between the lines have become filled in. It is possible 
to correct for this but it must be pointed-out that if ■ 
'the 'contrast' between the lines is too poor for yehem 
to be distinguishable in the recording system (as is
very often the case with oscilloscope techniques where 
the spot size to deflection ratio is very poor), then 
no amount of correction will put back tlie signal that 
was originally lost.
It was seen from equation (2) that the ratio of the 
responses at wavelength A from the; detector to the 
blaclcbody and unknown sources is:
It is postulated that a function t(A) exists which
T(A) = k\ t(A) J2(a) M(A,A) S(A) :.dA ... (5)
T(A) = Tj, (A) ■ = A)dA
r2 (A) A)dA
(4)
will normalize (A) , (tlie unlaiown source),with J'2(a) 
(the blackbody source). That is
In this case equation (4) becomes
'0
By writing
W(A,A) = J2(A) M(A,A) S(A)
then
. T(A) t(A) W(A,A) dA .'(6)
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Since (a) is taken to represent the blackbody source 
and is, therefore, continuous, it follows therefore that 
in most cases t(A) must represent a line and a continuous 
function, i.e.
t(A) = f(A) + A N 6. (A) v ••• (7)l n
1
where An is simply the height or amplitude of the delta 7 
function 6n(A) representing the absorption or emission 
lines. Of course, these lines are not delta, functions but 
are gauss i an in form, but -their bandwidths are assumed/' ' - 
to be veiy small so that relative to the bandwidth of A ,■ 
the monochromator they are single valued. The justification 
for this may be seen practically in the measurement of the 
bandpass of any monochromator, usually by scanning the 
instrument over a line and assuming that the bandpass is* 
simply the width between the half power points. In other 
words, no correction is made for line width.
The variations with wavelength of.the responses of 
the two types of detectors used are given in figure-(4).
It can be seen that if the regions where the responses 
are rapidly changing as functions of wavelength (cut­
offs) then over the wavelength interval of a band or series 
of lines it may be said that the responses of the detectors 
are either almost constant, or are only changing very 
slowly with wavelength. .... . * r
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Similarly, the bandpass, function, M(A,A) „ is only a 
slowly changing function'of wavelength. Its shape is primarily 
determined by the mqnochromator configuration, i.e. entrance t- 
and exit slit widths and the dispersion of the prism assuming 
that diffraction effects can be. ignored. For the slit widths--• 
used during all the experimental measurements (0.1 nun to 
0.4 mm) this later effect is negligible. The s 1 it configurati/on 
used was that of equal entrance and exit slit widths resulting 
in the well known triangular bandpass shown previously in 
figure (1). Figure (5) shows how the bandwidth varies with 
wavelength with the slit width setting as parameter. Thus,,
the product M(A,A) s(A) can be seen to be a slowly changing
function of wavelength, which over a few hundred angstroms 
may be considered to be almost invariant. • ' ; . ;
The problem of making a correction for slit width therefore 
resolves itself into finding an expression for t(A) in terms 
of T(A). It is possible to change the variables .in equation (6): 
so that it may be recast in a more convenient way.
Putting A - A ~ f  we get dA = d£
rfr> poo
Thus, T(A) A W(A,A)d= k\ W(A,A) t(A t)d? ... (8) t
-cp U.xa
Since it has been intuitively seen that W(A,A) does hot vary * 
greatly with wavelength, we. may regard equation (8) as
A T (A )
where
A
W (A ,0  t (A  -  e) d£
i r 03 
/lc \  W ( A , A ) d A
vJ<°
( 9 )
(10)
T h is  i s  a Fred h o lm  in t e g r a l e q u a tio n  o f  th e  f i r s t  k in d . 
F u r t h e r , we ca n  re g a rd  W (A ,£ ) as b e in g ,co m p o se d  o f  even  
and odd p a r t s ,  v i z .  ,
W(A,5) W(A ,5 )  -i- W(A -  A
W (A ,5) “  W(A -  p j
= We (A ,C ) "  W o(A ,£)
E q u a tio n  (9 ) now becom es, when e q u a tio n  (1 1 ) i s  
s u b s t it u t e d
A . T (A ) = Wp (A , O ' t  (A ,C )d 5
- d „ w o  C,A  o  1  (A  o a ?
T a k in g  F o u r ie r  tra n s fo rm s  and u s in g  th.e' c o n v o lu tio n  ‘ A: 
theorum  i t  i s  p o s s ib le  to  w r it e
A { T (A )}  = ( t ( A ) }  {We -  WQ} ( 2 tt) .  . ( 1 3 )  ; v :
w here { } re p re s e n ts  th e  F o u r ie r  tra n s fo rm  and th e  v a r ia b le s  AyA 
in  W and W h ave  been d ro pped f o r  th e  sa k e  o f  b r e v it y .  ■ !'■
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Rearranging,
{ t ( A ) } ;= A {T (A ) } / ( 2 i r ) 2 {W -  W } . . . ( 1 4 )0 O
Now : /*»00 ^ lOO .
(We ) = (l/2 -n -)?- \  e W (A ,5)d 5
. C .00
=  (1 / 2 +  \ (I -1- M ) .  +  ( j < 0 2 / 2 :
<~.Aoo
+ . . . . . .  ( M ) n / n ! )  W ( A , 0 < U
“  ( 1 / 2  it)
1 r- n~°°
2 1 +  ‘ >  en ( jo j)n j ' . . . ( 1 5 )
n = l
w here en  -  ( 1 / n ! )  ^  ?n_ w ( A j0 d {
(1 6 )
S in c e  W i s  an even f u n c t io n , th e  e 's  c o rre s p o n d in g  to  odd 
v a lu e s  o f  n  w i l l  v a n is h . I t  ca n  be fo u n d , in  a s im ila r  w ay, 
th a t
1
{WQ} = ( l/2 7 r )  2 . til1 + 2 L  0n C M ' I  . . . ( 1 7 )
i
w here 0^ = ( 1 / n ! )  \  \  (A ,£ )d §
In  t h is  c a s e  th e  o ’ s c o rre s p o n d in g  to  even  v a lu e s  o f  n  w i l l  
v a n is h .
W rit in g
1 r °°W n '  V
1  + I >  C“ l ) \  0 ffl)n | . . . ( 1 8 )
1 11 .“  '.ft: ft ft/'.
We can expand t h is  e x p re s s io n  u s in g  th e  b in o m in a l e x p a n s io n ,
{t (A )>  = A {T (A ) } | 1 - f t /  ( - l ) n  ct ■ ( jw )n
.. :■ . i  .
oo . . . ft ” • -ft v
•" ( y  ( ~ i ) n  o n ( ju )11 - y *  . . J ( i 9 )
' i  , ' ' • ■ , . ■'
A f u r t h e r  p ro p e rt y  o f  th e  tra n s fo rm  i s ,
d T (A )/d A  » ~ jw {T ,( A) } ‘ ’ . /  ' • . . . (2 0 )
H ence,
—* v ' oo ' *"
t (A ) -  A  T (A ) - f t . ' u  (I11 T (A )/d A ! '
. . .  u  r  11 ,
*1
+ an  2 d 2n T (A )/.d A 2n
We th u s se e  t h a t  th e  p ro b le m  r e s o lv e s ' i t s e l f  in t o  one o f  '
com puting v a lu e s  f o r  t h e . c o e f f ic ie n t s  'o  and en and .
’a ' it xie v a lu a t in g  th e  d if f e r e n t ia ls  d T (A )/d A  , and c h e c k in g  th a t
th e  s e r ie s  c o n ve rg e s r a p id ly  enough to  a llo w  i t  to  be
te n n in a te d  w ith o u t s e r io u s  in a c c u r a c ie s .
To make u se  o f  th e  e q u a tio n , th e  sp e ctru m  o f  th e  
r a d ia n t  pow er e m itte d  b y th e  s o u rc e  m ust be c a p a b le  o f  
b e in g  d e fin e d  p r e c is e ly ,  a n d , th e  amount o f  pow er being- 
ra d ia te d . in t o  d ie  sp e ctru m  m ust be s u f f ic ie n t  th a t  th e  
s ig n a l from  th e  d e te c t o r  may be re c o rd e d  e a s i ly  w ith  
'a v a ila b le  te c h n iq u e s . The amount o f  e n e rg y  r a d ia t e d
So that,
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p e r u n it  tim e in t o  a g iv e n  b an d w id th  m ust be know n, e it h e r  
by c a lc u la t io n  from  a t h e o r e t ic a l b a s is  o r  b y  e x p e rim e n ta l 
te c h n iq u e s  o r  b o th . In  p r a c t ic e  th e  s o u rc e s  w h ich  m ost 
c lo s e ly  a p p ro xim a te  to  th e se  re q u ire m e n ts  in  th e  v i s ib l e  
and in f r a - r e d  re g io n s  a re  th e  b la d cb o d y  (s im u la te d  b y th e  
c a v it y  r a d ia t o r )  o r  th e  g re yb o d y r a d ia t o r s  (s im u la te d  b y 
th e  in c a n d e s c e n t tu n g s te n  f ila m e n t ) .
3•4 E n e rg y  S ta n d a rd s
I t  was se e n  in  th e  p re c e d in g  s e c t io n  ( 3 .1 )  t h a t  th e  
m e a su rin g  te c h n iq u e  c o n s is t s  o f  a co m p ariso n  o f  th e  unknown ■ 
s p e c t r a l pow er d is t r ib u t io n ,  w a v e le n g th  b y w a v e le n g th , w ith  
a known pow er d is t r ib u t io n .  What a r e , t h e r e fo r e , th e  q u a lit ie s  
t h a t  th e  s o u rc e  m ust e x h ib it  f o r  t h is  p ro c e d u re  to  be 
s u c c e s s f u l?  F i r s t l y ,  i t  m ust o b v io u s ly  be a c o n tin u o u s 
d is t r ib u t io n  w it h in  th e  w a v e le n g th  re g io n  o f  in t e r e s t  an d , 
p r e f e r a b ly , m ust n o t c o n ta in  any e m is s io n  o r  a b s o rp tio n  l in e s  
o r  bands in  i t s  sp e ctru m . T h is  sta te m e n t does n o t im m e d ia te ly  
p re c lu d e  th e  u se  o f  p re s s u re  b ro ad en ed  d is c h a rg e  s o u rc e s , b u t 
i t  does n a rro w  th e  . f ie ld  down to  m a in ly  th e rm a lly  r a d ia t in g  
s o u rc e s . S e c o n d ly , th e  q u a n t it y  and th e  d is t r ib u t io n  th ro u g h ­
o u t d is s ip a t e d  in t o  a g iv e n  b an d w id th  i s  a  f u n c t io n .o f  i t s  
te m p e ra tu re  a lo n e . The s p e c t r a l pow er d is t r ib u t io n  o f  su c h  a 
so u rc e  i s  c a lc u la t e d  u s in g  -the w e ll-k n o w n  P la n c k  r a d ia t io n  
la w , nam ely
» h c /k
A ~ w a v e le n g th  o f  r a d ia t io n
T = : te m p e ra tu re  in  °K
H ow ever, th e re  a re  a num ber o f  p ro b lem s a s s o c ia t e d  w ith  
th e  c o n s t r u c t io n  and m ain te n an ce  o f  a b la c k b o d y , n o t  th e  
le a s t  b e in g  th e  m easurem ent and c o n t ro l o f  i t s  te m p e ra tu re . 
F o r e xam p le, a change o f  10 °K  f o r  a  b la c k b o d y  a t  2000°K 
r e s u lt s  in  a 5 to  6 p e r  c e n t change in  th e  lu m in o u s
in t e n s it y  o f  th e  s o u rc e  and a  2 p e r c e n t change in  th e
pow er e m itte d  p e r s t e r a d ia n  in  a  S rail b an d w id th  a t  
A -  555 nm.
In  o rd e r to  d e te rm in e  p r e c is e ly  th e  te m p e ra tu re  o f  
th e  b la c k b o d y  f o r  th e  p u rp o se  o f  s t a n d a r d iz a t io n , i t  i s  
cu sto m a ry  to  im m erse a c a v it y  r a d ia t o r  in. a l iq u id  m e ta l 
b a th , u s u a lly  p la t in u m , and to  re c o rd  i t s  s p e c t r a l pow er 
d is t r ib u t io n  o r  lu m in o u s in t e n s it y  a t  th e  te m p e ra tu re  
a t  w h ich  th e  m e ta l b e g in s  t o . s o l id i f y .  By ta k in g  extrem e 
p re c a u tio n s  to  e n s u re .th e  p u r it y  o f  th e  m e ta l, i t  is . 
p o s s ib le  to  o b ta in  a s ta n d a rd  w h ic h  i s  b o th  re p ro d u c e  ab 1 e 
and s u b s t a n t ia lly  in d e p e n d e n t o f  s m a ll v a r ia t io n s  in  i t s  
c o n s t r u c t io n . Such a s ta n d a rd  i s  h a r d ly  p r a c t ic a l f o r  any 
la b o r a t o r y  o th e r th a n  a  n a t io n a l c a lib r a t io n  la b o r a t o r y .
where ~ 8tt1ic
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F i r s t l y ,  p la tin u m  i s  o b v io u s ly  to o  e x p e n s iv e  f o r  i t s  u se  
to  be common. S e c o n d ly , d ie  h e a tin g  and su b se q u e n t . 
s o l id i f i c a t io n  p ro c e s s  ta k e s  f a r  to o  lo n g  f o r  i t  to  be 
a p r a c t ic a l s o u rc e . As a r e s u lt ,  se c o n d a ry  o r ‘ s u b s ta n d a rd ’ 
s o u rc e s  a re  u se d  and f o r  th e  v i s ib l e  re g io n  o f  d ie  sp e ctru m  
d ie  f i e l d  o f  c h o ic e  i s  lim ite d , to  one o f  th e  in c a n d e s c e n t 
tu n g ste n  f ila m e n t  la m p s. A ’ s u b s ta n d a rd ’ tu n g ste n  fila m e n t  
lam p e m its in  an a lm o st g re yb o d y fa s h io n  and i t s  lu m in o u s 
in t e n s it y  and c o lo u r  te m p e ra tu re  a.re r e la t iv e ly  e a s i ly  
c o n t r o lle d  b y th e  r e g u la t io n  o f  i t s  in p u t  v o lt a g e , c u rre n t  
o r  p o w e r. The w arm -up tim e  p r io r  to  u se  may be re ck o n e d  
to  be ab o ut f iv e  m in u te s . S u b sta n d a rd  tu n g ste n  lam ps 
a re  u lt im a t e ly  r e f e r r e d  to  d ie  b la c k b o d y  r a d ia t o r  
m a in ta in e d  in  t h is  c o u n try  b y th e  N a tio n a l P h y s ic a l 
L a b o ra to ry  v ia  a num ber o f  s e t s  o f  f u r t h e r  s u b s ta n d a rd s , 
and t lie  la s t  o c c a s io n  on w h ic h  th e se  su b sta n d a rd s  w ere 
com pared d ir e c t ly  w ith  a b la c k b o d y  r a d ia t o r  i s  n e a r ly  fo u r 
d e cad e s .ago and d is c r e p a n c ie s  have been n o te d  betw een th e  
N .B .S . s ta n d a rd s  and th o se  o f  d ie  N .P .L .
i
In  th e  n e x t few  p a ra g ra p h s th e  m ethods b y w h ich  t lie  
s p e c t r a l pow er d is t r ib u t io n s  w ere d e te rm in e d  and t lie  p h y s ic a l 
c o n s t r u c t io n  o f  t lie  s u b sta n d a rd  lam ps w i l l  be d e s c rib e d  
b r i e f ly  as th e se  a s p e c ts  h ave  been c o v e re d  in  g re a t  d e t a il  
in  a R .A .R .D .E . Memorandum ( 2 ) .
- 37 -
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T h re e  lam ps w ere u se d  d u rin g  t h is  s e r ie s  o f  
m easurem ents. They w ere m a n u fa ctu re d  b y th e  P h ilip s  
E le c t r ic a l  Company a t  E in d h o v e n . The f ila m e n t  c o n s is t e d  
o f  a s t r i p  o f  tu n g ste n  rib b o n  2 cm x  0 .2  an and was 
s e a le d  w it h in  a  h o rn  shap ed  g la s s  e n v e lo p e  h a v in g  a 
p la n e  q u a rtz  window  in  th e  d ir e c t io n  in  w h ich  th e  
e m itte d  l ig h t  was to  be v ie w e d  a t  th e  end o f  a 
c y lin d r ic a l  p ro tru b e ra n c e . H ie  d e s ig n ,is  su c h  th a t  
th e  e f f e c t  upon th e  c a lib r a t io n  o f  th e  s p e c t r a l pow er 
o f  s t r a y  r e f le c t io n s  fro m  th e  b a ck  o f  th e  e n v e lo p e  
i s  m in im iz e d  and p re v e n ts  tu n g s te n , w h ich  i s  
e v a p o ra te d  fro m  th e  in c a n d e s c e n t f ila m e n t , from  
b e in g  d e p o s ite d  on th e  q u a rtz  w indow . F ig u re  (6 ) shows 
one su c h  lam p and i t s  a s s o c ia t e d  c o n t r o l g e a r; The 
lam ps w ere n o m in a lly  ra t e d  a t  1 2 v , 16 amp b u t a t  th e  
r e q u ire d  c o lo u r  te m p e ra tu re s (2 50 0 °K  ~ 2800°K ) drew  
betw een 10 and 12 amp. By u n d e r-ru n n in g  th e  lam ps in  
t h is  fa s h io n  i t  i s  p o s s ib le  to  in c re a s e  th e  l i f e  o f  
th e  lam p and keep th e  c a lib r a t io n  c o n s ta n t f o r  lo n g  
p e r io d s . The c u r r e n t  to  th e  lam ps w as s u p p lie d  fro m  
th re e  5 amp s t a b iliz e d  pow er s u p p lie s  connected, in  
p a r a l le l  and c o n t r o lle d  b y a h e a vy  d u ty  rh e o s t a t  in  
s e r ie s  w ith  a s ta n d a rd  r e s is t a n c e  and th e  lam p. 
M easurem ent o f  th e  c u r r e n t  f lo w in g  th ro u g h  th e  lam p 
was a c h ie v e d  b y  m o n ito rin g  H ie  p .d . d e v e lo p e d  a c ro s s  
th e  s ta n d a rd  r e s is t a n c e  b y p o te n tio m e tric . m ethods.
A f t e r  th e  i n i t i a l  w arm ing up t r a n s ie n t s  h ad  d ie d  away 
i t  was fo u n d  th a t  t h is  sy ste m  was s u f f ic ie n t ly  s t a b le
- 40 -
th a t  i t  c o u ld -b e  l e f t  u n a tte n d e d  f o r  s e v e r a l m in u te s w h ils t  
th e  s p e c t r a l pow er d is t r ib u t io n  was b e in g  re c o rd e d .
The lam ps w ere c a lib r a t e d  b y th e  N .P .L . f o r  c o lo u r  
te m p e ra tu re  o n ly , a t  a s e r ie s  o f  th re e  o p e ra t in g  c o n d it io n s  
o f  v o lt a g e  and c u r r e n t . The a c q u is it io n  o f  th e  a b s o lu te  
s p e c t r a l pow er d is t r ib u t io n  o f  th e  s u b sta n d a rd  may be 
a c h ie v e d  in  'two ways f o r  th e  v i s ib l e  re g io n . The b e s t  
m ethod, (w h ich  o n ly  w orks in  t lie  v i s ib l e  r e g io n ) , u t i l i z e s  
t lie  c o lo u r  te m p e ra tu re  o f  th e  s o u rc e  to  g iv e  th e  r e la t iv e  
pow er d is t r ib u t io n  to g e th e r w it h  a f u r t h e r  c a lib r a t io n  
o f  lu m in o u s in t e n s it y  b y  w h ich  an a b s o lu te  m agnitu d e 
may be a tta c h e d  to  th e  r e la t iv e  s c a le .  O n ly  th e  c o lo u r  
te m p e ra tu re  and lu m in o u s in t e n s it y  o f  th e  s o u rc e  need 
be laiown and th e se  may be d e te rm in e d  w ith  re a s o n a b le  
p r e c is io n ,  t y p ic a lly  +_ 1 %. The se co n d  m ethod in v o lv e s  
th e  a sse ssm e n t o f  th e  t r u e  te m p e ra tu re  o f  t lie  f ila m e n t  
from  th e  c o lo u r  te m p e ra tu re , a  m easurem ent o f  th e  a re a  
o f  th e  f ila m e n t , and a know ledge o f  th e  e m is s iv it y  o f  
th e  f ila m e n t  m a t e r ia l as a f u n c t io n  o f  w a v e le n g th  and 
O f th e  t ra n s m is s io n  o f  th e  q u a rt z  w indow .
S in c e  th e re  i s  a lw ays some u n c e r t a in t y  a b o u t th e  
v a lu e  o f  th e  e m is s iv it y  o f  th e  tu n g ste n  f ila m e n t  and 
c o n s e q u e n tly  in  th e  t r u e  te m p e ra tu re  o f  t lie  f ila m e n t  
t h is  m ethod i s  fra u g h t w ith  p o s s ib le  e r r o r s .  The . 
e m is s iv it it ie s  a re  s u b je c t  to  chan ges due to  v a r ia t io n s
41 -
in  th e  m e t a llu r g ic a l s t a t e  o f  th e  tu n g ste n  w ith  
te m p e ra tu re  and age e f f e c t s  b ro u g h t abo ut b y  t h in g s  su c h  a s 
r e c r y s t a l l iz a t io n  and h o t and c o ld  w o rkin g ,,
In  th e  c a lc u la t io n  o f  th e  s p e c t r a l pow er 
d is t r ib u t io n s  o f  th e  lam ps b o th  m ethods w ere u se d  so  
th a t  any e r r o r s  c o u ld  be q u ic k ly  d e te c te d  and e lim in a t e d .
In  a la t e r  co m p a riso n  o f  r e s u lt s  o b ta in e d  b y th e  two 
m ethods i t  may be rem arked t h a t  th e re  i s  a v e ry  good 
agreem ent betw een th e  m eth o d s, e s p e c ia lly  when th e  
d i f f i c u l t i e s  m en tio n ed  above a re  c o n s id e re d .
The lu m in o u s in t e n s it ie s  o f  th e  lam ps w ere o b ta in e d  
u s in g  a  s ta n d a rd  3 m etre ’A le x a n d e r W rig h t' ph o to m eter 
b e n c h , a Lum ner -  B r o dh am ty p e  p h o to m eter h e a d , and as a 
s ta n d a rd , a c y l in d r ic a l  p r o je c t o r  lam p ru n n in g  a t . 50% 
e f f ic ie n c y .  T h is  had been p r e v io u s ly  c a lib r a t e d  b y th e  
N .P .L . f o r  lu m in o u s in t e n s it y .  The m anner in  w h ic h  t h is  
in fo rm a tio n  i s  u se d  to  c a lc u la t e  th e  s p e c t r a l pow er 
d is t r ib u t io n  i s  as f o llo w s .
Suppose a g re yb o d y s o u rc e  o f  c o lo u r  te m p e ra tu re  T° K * 
and lu m in o u s in t e n s it y  I  c a n d e la s  r a d ia t e s  i t s  e n e rg y  in t o  
sp a ce  w h ich  f a l l s  upon a t e s t  a re a  A , a t  a  d is t a n c e  d 
no rm al to  th e  s o u rc e . I f  d i s  s u f f ic ie n t ly  la r g e  w ith  
re s p e c t  to  th e  d im e n sio n s o f  th e  s o u rc e  th e n  we may assum e
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t h a t  th e  u se  o£ th e  c o n c e p t t h a t  th e  s o u rc e  i s  a p o in t  
one and th e  id e a  t h a t  th e  p ro p a g a tio n  o f  th e  l ig h t  i s  
r e c t i l in e a r  a re  v a l id .  H en ce, we may f r e e ly  u se , th e  
in v e r s e  s q u a re  la w  to  c a lc u la t e  t lie  lu m in o u s f lu x ,  F , 
f a l l i n g  upon th e  a re a  A , w h ic h  i s :
F = I  A  /  d^ = Iw  lum ens . . . ( 2 3 )
w here to i s  th e  s o lid  a n g le  su b te n d e d  by th e  s o u rc e  and 
th e  a re a  A . The r e la t iv e  s p e c t r a l pow er d is t r ib u t io n  o f  
th e  s o u rc e  i s  th e  same as th a t  from  a b la c k b o d y  a t  a 
te m p e ra tu re  e q u a l to  t lie  c o lo u r  te m p e ra tu re  o f  th e  s o u rc e . 
Suppose t h is  i s  R (X , T ) and t h a t  th e re  i s  a c o n s ta n t b 
w h ich  when m u lt ip lie d  b y  th e  r e la t iv e  s p e c t r a l pow er 
d is t r ib u t io n  w i l l  g iv e  a b s o lu te  v a lu e s . The u n it s  o f  b 
w i l l  be w a tts  s t r   ^ and ta k e  in t o  e f f e c t  th e  a re a  o f  th e  
e m itt in g  s u r fa c e  and th e  p o la r  d is t r ib u t io n  o f  th e  l i g h t .
The e f f e c t  o f  th e  e n e rg y  e m itte d  b y th e  s o u rc e  upon th e
eye i s  th e  lu m in o u s f lu x  and i s  g iv e n  b y assu m in g  a p h o to p ic
re s p o n s e :
800 nm
F = km C  b .R (A ,T ) V (A )dA  . . . ( 2 4 )
o
300 nm
-Where V (X ) i s  th e  r e la t iv e  lu m in o u s e f f ic ie n c y  f a c t o r  and
kj i s  th e  a b s o lu te  v a lu e  o f  th e  p h o to p ic  re sp o n se  a t
“ 3maximum e f f ic ie n c y  (682 lum ens w a tt ' a t  X = 555 nm) . Now 
t h is  f lu x  i s  ir r a d ia t e d  in t o  a h e m isp h ere  so  t lie  f lu x  in t o  
s o lid  a n g le  w i s
X •- tv.
■; V--. "L y  { % v >
.8 0 0  y V  -•,.
k  (o ( ■ •'■ - :■ •■
F = - —  \  b . :R (X ,T ) V (X )d X  ; . . . ( 2 5 )  .
” 3 0 0  . . . .  .,
H ie  e v a lu a t io n  o f  th e  in t e g r a l i s  a c h ie v e d  b y • y , * ■ :
n u m e ric a l m etho ds, i . e .  : ; ....
i 800 : . /  ’ ' v '’ b . y '%  :
K  03 ^ ~ ' - - r  •-
F  = b« —  >  R (X ,T ) V C x ) AX = lo )  ; . . . ( 2 6 ) '  : y ;f  •7T y
3 0 0  • •= - . - • V : ' y  y
Hence
b *= I / k m] > > ( X ,T )  V (X )A X  . . . ( 2 7 )
Thus th e  pow er e m itte d  b y th e  s o u rc e  in  w a tts  s t r  5 nm i s ,  v .' ■
J ( X ,T )  = ir l .  R (X ,T )   ' . . . ( 2 8 )
kmX R CA,T) V (X ,T )A X
w here .
t fexp (Ch/555.T) - 1}
R (A ,T ) = (555/A) \   f ...(28a)
J^exp (C ^ /X T ) -  1 j
I t  m ust be em ph asized th a t  th e  u se  o£ t h is  m ethod 
in v o lv e s  o n ly  a know ledge o f  'th e  c o lo u r  te m p e ra tu re , 
lu m in o u s e f f ic ie n c y  , lu m in o u s in t e n s it y  and th e  r e la t iv e  
s p e c t r a l pow er d is t r ib u t io n  o f  a  b la c k b o d y  a t  th e  g iv e n  
c o lo u r  te m p e ra tu re . The la t t e r  d a ta  a re  o b ta in a b le  in  a 
t a b u la r  form  (3 )  o r  may be c a lc u la t e d  d ir e c t ly  from  
e q u a tio n  (2 8 a ). No know ledge i s  r e q u ire d  o f  any q u a n t it ie s  
w h ich  may be s u b je c t  to  c o n s id e ra b le  e r r o r s .
;■ ;-v
■>£
j-
:• ■
.:
. .
■Vr ■
v-t 
—-X —
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The seco n d  m ethod in v o lv e s  th e  u se  o£ c o lo u r  
te m p e ra tu re  a lo n e  as th e  s t a r t in g  p o in t . T a b le s  a re  
a v a ila b le  w h id i r e la t e  th e  t ru e  te m p e ra tu re  o£ th e  
f ila m e n t  to  i t s  c o lo u r  te m p e ra tu re . A t t h is  s ta g e  an 
a ssu m p tio n  h a s to  be made th a t  th e  f ila m e n t  i s  a t  a 
u n ifo rm  te m p e ra tu re , w h ich  ca n n o t be so  s in c e  th e  f i l a ­
m ent s u p p o rts  co n d u ct some o f  th e  h e a t e n e rg y  away 
a t  e a d i end. A ls o , s in c e  th e  r e s is t a n c e  p e r u n it  le n g th  
w i l l  v a ry  due to  s l ig h t  d e fo rm a tio n s in  th e  c r o s s -  
s e c t io n a l a re a  ca u se d  b y th e  m a n u fa c tu rin g  p ro c e s s , th e re ; 
w i l l  be ’ h o t s p o t s ' a lo n g  i t s  le n g th . From  th e  t ru e  
te m p e ra tu re  o f  th e  f ila m e n t , th e  t o t a l pow er r a d ia t e d  
i s  o b ta in e d  from  th e  S te fa n -B o ltz m a n  la w  f o r  th e  
b la c k b o d y  r a d ia t o r  a t  th a t- te m p e ra tu re . F u rt h e r  t a b le s  
a re  a v a ila b le  w h ic h  l i s t  th e  f r a c t io n  o f  th e  t o t a l 
pow er r a d ia t e d  in t o  a s t e r a d ia n  o f  s o lid  an g le- from  ■"
z e ro  w a v e le n g th  up to  a s e le c t e d  w a v e le n g th , f o r  a 
g iv e n  r a d ia t o r  te m p e ra tu re  ( 3 ) .  Suppose i t  i s  r e q u ire d  
to  d e te rm in e  th e  pow er (A ,T ) A A r a d ia t e d  in  a  5 nm 
b an d w id th  (AA -  5 nm) a t  w a v e le n g th  A. The t o t a l pow er 
r a d ia t e d  b y a u n it  a re a  o f  b la c k b o d y  r a d ia t o r  i s  
and w i l l  be a s s ig n e d  th e  sym bol D (A ,T ) to  th e  f r a c t io n  
o f  th e  t o t a l pow er r a d ia t e d  in t o  a u n it  s o lid  a n g le  
from  A = 0 up to  w a v e le n g th  A a t  te m p e ra tu re  T . - T h u s ,
To o b ta in  th e  e n e rg y  e m itte d  b y a g re yb o d y r a d ia t o r ,  
in  t h is  e ase  th e  tu n g ste n  f ila m e n t , th e se  f ig u r e s  m ust be 
m o d ifie d  b y th e  e m is s iv it y  o f  th e  tu n g s te n , e (A ,T.) , and 
th e  t ra n s m is s io n , T (x )  th ro u g h , th e  q u a rtz  window  o f  th e  
lam p. I t  i s  th u s se e n  th a t
P g b  (X ,T )A A  = e (X v T j.T (X ). Pbb (A ,T ) A.AX . . .  (3 0 ) :
The d i f f i c u l t i e s  t h a t  a r is e  w ith  t h is  m ethod a re  due 
m a in ly  to  th e  u n c e r t a in t ie s  a s s o c ia t e d  w ith  th e  v a lu e /o f  
e (A ,T ) b u t a ls o  T (A ). T h e re  h ave been some in t e n s iv e  
s t u d ie s  o f  th e  e m is s iv it y  by De Vos (4 ) and L a rra b e e  (5 ) 
b u t th e re  a re  c o n s id e ra b le  d is c r e p a n c ie s  betw een th e  two 
s e t s  o f  d a ta  and i t  .is th o u g h t to  be p r im a r ily -  due to  th e/ 
m e t a llu r g ic a l s t a t e s  o f  th e  sam p les u se d . T h is  may be due 
to  r e c r y s t a l l iz a t io n  p ro c e s s e s , h o t.w o rk in g  o f  th e  m e ta l „ 
o r  a ’ sm o o th in g ' p ro c e s s  o c c u r r in g  a t  th e  s u r fa c e  o f  t lie  
tu n g ste n  c a u s in g  a d e c re a se  in  th e  a p p a re n t e m is s iv it y .
T h is  la t t e r  p re m ise  may e x p la in  why q u a rtz -h a lo g e n  tu n g ste n  
lam p s, w here e v a p o ra te d  tu n g ste n  i s  re d e p o s ite d  on th e  
.f ila m e n t , a re  fo u n d  in  p r a c t ic e  to  be u n s a t is f a c t o r y  su b ­
s ta n d a rd s  due to  t h e ir  la c k  o f  r e p r o d u c e a b ilit y . T h e . v a lu e  
o f  th e  tra n s m is s io n  o f  t lie  e n v e lo p e  can n o t be .d eterm in e d  
e x c e p t by d e s t r u c t iv e  t e s t in g  o r  b y c a lib r a t io n  by th e  
m a n u fa c tu re rs  p r io r  to  i t  b e in g  in c o rp o ra te d , in t o  th e  lam p , 
w h ich  th e y  a re  r e lu c t a n t  to  do. F o r q u a rtz  w in d o w s, t lie  
t ra n s m is s io n  w i l l  n o t v a ry  v e r y  g r e a t ly  .w ith  te m p e ra tu re  
b u t f o r  g la s s ,  p a r t ic u la r ly  a t  w a v e le n g th s c lo s e  to  t lie  
a b s o rp tio n  edge (% 320 nm) t h is  u n c e r t a in t y  may ca u se  
c o n s id e ra b le  e r r o r s  ( 6 ) .  S in c e  th e  e n ve lo p e  o f  a lam p can
a t t a in  te m p e ra tu re s as high, a s 600°K m d e r .norm al- 
o p e ra t in g  c o n d it io n s , c a u t io n  m ust be e x e rc is e d  i f  
t ra n s m is s io n s  m easured a t  room te m p e ra tu re s a re : u se d .
A f u r t h e r  e r r o r  o c c u rs  u s in g  t h is  m ethod due to  th e  
a ssu m p tio n  th a t  th e  f ila m e n t  r a d ia t e s  u n ifo rm ly  in t o  
a h e m isp h e re . I f  th e  shape o f  t h e .p o la r  d is t r ib u t io n  
o f  th e  lu m in o u s f lu x  i s  n o t s p h e r ic a l,  th e n  t h is  
a ssu m p tio n  i s  n o t v a l id .  In  th e  f i r s t  m ethod, t h is  
e f f e c t  i s  a llo w e d  f o r  when a m easurem ent o f  th e  
lu m in o u s in t e n s it y  i s  m ade, p r o v id in g  th a t  d u rin g  th e  
e n t ir e  u se  o f  th e  lam p th e  o r ie n t a t io n  i s  th e  same as 
t h a t  when c a lib r a t io n s  a re  made.
F ig u re  (7 )  shows th e  r e s u lt s  o b ta in e d  from  one o f  
th e  s u b sta n d a rd  lam ps u se d  d u rin g  th e  s e r ie s  o f  m easure­
m ents o b ta in e d  by th e  two m ethods. T h is  shows a d is ­
c re p a n c y  o f  4% betw een th e  r e s u lt s  from  th e  two 
te c h n iq u e s , w h ich  Was th e  w o rs t c a se  o b se rv e d . \
T; j
DESCRIPTION OF THE SPE CTRO RAD IOMETER AND MODIFICATIONS
4 .1 . ' i'h e  Efo no chrom a to r  .
I t  i s  n e c e s s a ry  to  d is c u s s  th e  o p e ra t io n  o f  ‘the 
P e rk in - E lm e r 108 m onochrom ator in  some d e t a i l ,  a s i t  
i s  one o f  v e ry  few  o f  i t s  ty p e . T hese in s tru m e n ts  a re  
m a n u fa ctu re d  in  t lie  U n ite d  S t a t e s . C o n s id e ra b le  
m o d ific a t io n s  h ave  h a d  to  be made b e fo re  i t  w o u ld  
o p e ra te  s a t is f a c t o r i ly  as a s p e c tro ra d io m e te r. In  
. a d d it io n , th e  e f f e c t iv e  u se  o f  i t s  re m a rk a b le  c a p a c it y , 
nam ely a r a p id  s c a n  (up to  150 sc a n s p e r s e c o n d )f 
th ro u g h  th e  w a v e le n g th  ra g io n  i i i  w h ic h .it s  d e te c to rs  
- a re  s e n s it iv e ,  c o u ld  n o t be u se d  due to  d a ta  re c o rd in g  
and p ro c e s s in g  d i f f i c u l t i e s .  C o n se q u e n tly , a-m ethod 
w hereby t h is  d i f f ic u l t y ,  and some o f  i t s  re m a in in g , 
b u t m in o r, p ro b lem s may be s o lv e d  a re  d is c u s s e d  a t  
th e  end o f  t h is  s e c t io n .
F ig u re  (8 ) shows an o v e r a ll v ie w  o f  th e  in s tru m e n t 
u se d  in  t l i i s  s e r ie s  o f  m easurem ents from  
th e  to p  w h ils t  f ig u r e  (9 ) shows th e  com plem entary view  
from  b e lo w . F ig u re  (1 0 ) i s  an expanded a r t i s t s  im p re s s io n  
o f  th e ; c o rn e r cube m ir r o r  and s l i t  m echanism s . '  F ig u re s  
( 1 1 ) ,  (1 2 ) and (1 3 ) r e s p e c t iv e ly  show th e  w a v e le n g th  ,. 
m arke r d e v ic e , p h o t o m u lt ip lie r  h o u sin g  and s c h e m a tic  
d iag ram  o f  th e  co m p lete  a sse m b ly . The co n c e p ts and
d esig n , o f  th e  w a v e le n g th  m arke r d e v ic e  and. th e  
p h o t o m u lt ip lie r  h o u sin g  a re  a d d it io n a l to  th e  
o r ig in a l m onochrom ator, -
S 1
M g O  Diffusing Screen
51 Entrance Slit
5 2 Exit S lit
M1 Of f A x i s Pa ra bo Io i d 
Co! i i mat ing jyiir t or
M2 Nutating M irror
M3 Roof M irror
M4 Corner Cube M irror
M5 Diagonal M irror
P P rism
S ch e m a tic  D iagram  o f  O p t ic a l System  o f  PE 108 M onochrom ator. '
H ie  sc h e m a tic  d iag ra m  g iv e s  more d e t a il  o f  V  
th e  in s tru m e n ts  c o n f ig u r a t io n . E n e rg y  fro m  a s o u rc e  
i s  d if f u s e ly  re fle c t e d . b y ; a  smoked m agnesium  o x id e  
s c re e n  o nto  th e  e n tra n c e  s l i t  S l ,  w h ich  i s  m e c h a n ic a lly  
c o u p le d  to  th e  e x it  s l i t  ,S 2 . B o th  s l i t s  a re  12, mm h ig h ,- 
and a re  a d ju s t a b le  from  z e ro  to  2 mm i n - w id th . S l i s  
p o s it io n e d  ab o ut \  .inch below  t lie  o p t ic a l a x is  o f  th e  
c o llim a t in g  m ir r o r  Ml and S2 ab o ut \  in c h  above t h is  
a x is .  S l i s  b o th  s la n t e d  and c u rv e d  in  sh ap e in  su ch
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a m anner as to  com pensate f o r  th e  d is t o r t io n  to  th e  
im age o f  S l as i t s  l ig h t  p a s s e s  th ro u g h  t lie  p ris m .
T h is  r e s u lt s  in  an e r e c t  image, a t  th e  e x it  s l i t  S 2.
The im age o f  th e  e n tra n c e  s l i t  i s  c o llim a t e d  by 
th e  p a ra b o lo id  m ir r o r  ML, o n to  th e  fa c e  o f  th e  p ris m . 
The sp e ctru m  le a v in g  th e  p ris m  i s  in c id e n t  upon th e  
n u t a t in g  m ir r o r  M2, a  p la n e  m ir r o r  s it u a t e d  a t  t lie  end 
o f  a r o t a t in g  s h a f t  and h a v in g  one d e g re e  o f  r o t a t io n a l 
freedom  r e la t iv e  to  th e  s h a f t  i t s e l f .  In  t h is  w ay, a 
n o rm al to  th e  p la n e  o f  th e  m ir r o r  may be made a t  an 
a n g le  to  th e  a x is  o f  t lie  r o t a t in g  s h a f t .  T h is  a n g le  
i s  d e te rm in e d  and may be a d ju s te d  by means o f  a 
m icro m e te r scre w  as se e n  in  F ig u re  ( 8 ) .  M ien th e  
m ir r o r  i s  n o t p e rp e n d ic u la r  to  th e  s h a f t  a x is ,  
r o t a t io n  o f  th e  s h a f t  p ro d u ce s a  c o n ic a l beam o f  
l i g h t .  The h o r iz o n t a l com ponent o f  thebeam  p ro d u ce s 
th e  sp e ctru m  s c a n . H ie  maximum s p e c t r a l in t e r v a l i s  
sca n n e d  when M2 i s  d is p la c e d , from  .th e p e rp e n d ic u la r  
to  th e  s h a f t  a x is  b y  th e  maximum a n g le .
A t a  g iv e n  in s t a n t , in  tim e , when th e  n u t a t in g  
m ir r o r  may be c o n s id e re d  to  be s t a t io n a r y  and a t  
some a n g le  o th e r th a n  90° to  t lie  s h a f t  a x is ,  a n a rro w  
band o f  w a v e le n g th s o f  th e  in c id e n t  sp e ctru m  p ro d u ce d  
by th e  d is p e r s io n  o f  t lie  p ris m  w i l l  be r e f le c t e d  from
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M2 to  th e  ’ ro o f*  m ir r o r  M3 a t  an in c id e n t  a n g le  
w h ic h  w i l l  a llo w  i t  to  c o n tin u e  th ro u g h  th e  
o p t ic a l sy ste m . As M2 n u ta te s  and i t s  a n g le  
r e la t iv e  to  th e  p ris m  c h a n g e s, o th e r w a v e le n g th s 
o f  l ig h t  a re  r e f le c t e d  a t  t h is  in c id e n t  a n g le , th u s 
s c a n n in g  t lie  s p e c t r a l in t e r v a l.  The a n g le  w h ic h  th e  
ro o f  m ir r o r  M3 m akes to  th e  in c id e n t  l ig h t  i s  
c o n t r o lle d  b y  th e  w a v e le n g th  drum . T lie  s e t t in g  
on t h is  c o n t r o l d e te rm in e s th e  m id -p o in t w a v e le n g th  
o f  th e  s p e c t r a l in t e r v a l sca n n e d  b y th e  n u t a t in g  
m ir r o r .  M ien th e  drum  i s  a d ju s te d  from  a lo w  re a d in g  
to  a h ig h  o n e , th e  s p e c t r a l in t e r v a l sca n n e d  b y M2 i s  
moved from  th e  lo n g  w a v e le n g th  end o f  th e  sp e ctru m  
to  th e  s h o r t  end . In c r e a s in g  th e  a n g le  o f  n u t a t io n  
in c re a s e s  th e  w id th  o f  t lie  s p e c t r a l in t e r v a l sca n n e d .
A se co n d  f u n c t io n  o f  M3 i s  to  r e f le c t  th e  v e r t ic a l  
com ponent o f  th e  c o n ic a l beam , g e n e ra te d  b y  M2, b a c k  
upon- i t s e l f .  Thus th e  unw anted com ponent o f  ‘t h is  beam 
i s  rem oved w ith o u t t lie  p ro b le m  o f  s t r a y  l ig h t  b e in g  
p re s e n t w it h in  th e  in s tru m e n t.
t
H ie  n a rro w  band o f  w a v e le n g th s i s  r e f le c t e d  from  
M3 to  t lie  p ris m  v ia  M2. H e re  i t  i s  f u r t h e r  d is p e rs e d  
and tra n s m itt e d  b a c k  to  th e  p a ra b o lo id  m irro r. M l. T h is  
m ir r o r  re -im a g e s t lie  s l i t  o n to  one o f  th e  c o m e r cube 
m ir r o r s  M4.- These th re e  p la n e  m ir r o r s  and t h e ir  r e la t iv e
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p o s it io n s  a re  shown in  F ig u re  ( 1 0 ) .  H ie  e f f e c t  o f  
t h is  a r r a y  i s  to  r a is e  th e  h e ig h t  o f  t lie  f i r s t  p a ss 
im age by ab o ut one in c h  and r e d ir e c t  i t  o n to  M l f o r  
t lie  t h ir d  and- fo u r t h  p a s s e s  th ro u g h  th e  p ris m , w h ich  
a re  id e n t ic a l to  th e  f i r s t  and se co n d . A t th e  end o f 
th e. fo u r t h  p a s s , th e  im age from  M l i s  r e f le c t e d  b y  M5 
th ro u g h  th e  e x it  s l i t  and th e n ce  to w ard s th e  d e t e c t o r . ,
T h e re  a re  a num ber o f  f u r t h e r  f a c i l i t i e s  
in c o rp o ra te d  in  th e  m onochrom ator. A 1 8 0 ° s e c t o r  
ch o p p er i s  d r iv e n  th ro u g h  a to o th e d , n o n - s lip  b e lt  
from  a p u lle y  ke yed  to  a  s h a f t  d r iv e n  fro m  th e  n u t a t in g  
m ir r o r  g e a r b o x , and i s  u se d  to  chop th e  r a d ia t io n  
e n t e r in g  th e  m onochrom ator th ro u g h  S l.  T h is  s e rv e s: two 
f u n c t io n s . F i r s t l y ,  i t  p ro v id e s  a z e ro  o r  b a se  l in e  
s ig n a l from  th e  d e te c t o r  sy ste m  when no r a d ia t io n  i s  
e n t e r in g  th e  in s tru m e n t. S e c o n d ly , i t  a v o id s  th e  
d i f f i c u l t y  o f  o b t a in in g  a m ir r o r  im age o f  th e  s p e c t r a l 
pow er d is t r ib u t io n  b e in g  v ie w e d  ca u se d  b y -die re v e rs e  
sc a n  o f  d ie  n u t a t in g  m ir r o r ,  w h ic h  can  ca u se  c o n fu s io n  
in  d ie  d a ta  h a n d lin g .
The n o rm al mode o f  re c o rd in g  d ie  sp e ctru m  o f  th e  < 
s o u rc e  b e in g  v ie w e d  i s  b y  an o s c illo s c o p e  and m oving f ilm ,  
d i is  c h o ic e  b e in g  d e te rm in e d  b y  th e  h ig h  fre q u e n c y  band­
w id th  o f  d ie  s ig n a ls  re c e iv e d  from  th e  d e te c t o rs  and i t s  
ch e ap n e ss when com pared to  o th e r m ethods su c h  as m a g n e tic  
ta p e . C o n s e q u e n tly , i t  is -  n e c e s s a ry  t h a t  th e  m onochrom ator
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F u r t h e r , s in c e  th e  c ir c u la r  m o tio n  o f  th e  n u ta t in g  
m ir r o r  M2 r e s u lt s  in  a s in u s o id a l sc a n  tliro u g h  th e  - 
w a v e le n g th s o f  t h e /in c id e n t  l ig h t  i t  i s  im p e ra tiv e  th a t*  
•the' b ase  o f  th e  o s c illo s c o p e  s h o u ld  be s im ila r ly  v d.d-: 
s in u s o id a l in  o rd e r to  s im p lif y  su b se q u e n t a n a ly s is , o f  : ; i . 
th e  re c o rd e d  d a ta . T h is  i s  a c h ie v e d  by. means o f  an • 
o s c i l la t o r  w h ich  i s  co u p le d  to  th e  ro ta  t in g  s h a f t  c a r r y in g  
th e  n u ta t in g  m ir r o r , fro m  w h ich  a sy n ch ro n o u s s in u s o id a l; 
s ig n a l i s  o b ta in e d . T h is  s ig n a l may e it h e r  be u se d  as ay . f 
sweep b ase  o r  as a sweep t r ig g e r . The o s c i l la t o r  i s  o f  b 
t lie  tm e d ; ano d ej tu iie d  g r id  ty p e  a iid  o s c i l la t io n s  o f; 
maximum a m p litu d e  can  o n ly  o c c u r when th e  g r id  and 
anode c ir c u i t s  a re  tu n e d  to  th e  same fre q u e n c y . The 
re g io n  to  e it h e r  s id e  o f  th e  m axim u m /am p litu d b y is-y y  y d  y ty  
e x tre m e ly  s e n s it iv e  to  tu n in g .. T h is  e f f e c t  i s  used, in  th e  
g r id  c i r c u i t  w here th e  c a p a c it y  i s  v a r ie d  b y means o f  two i 
s t a t io n a r y  m e t a l. p la te s*  and an in c lin e d  m e ta l d is c  m ounted 
on th e  r o t a t in g  s h a f t  betw een th e  p la t e s ;./A s  M2 n u t a t e s , 
th e  d is t a n c e  betw een th e  d is c  and th e  p la t e s  v a r ie s , t h u s : 
c a u s in g  a ch an g e, v ia  t h e ir  c a p a c it iv e -  c h a n g e / ,in  th e; 
a m p litu d e  o f  th e  o s c i l la t io n s ,  in  th e  o s c i l la t o r .  These F  
a re  d e te c te d  b y a c r y s t a l d io d e , a m p lif ie d  and th e  a.m . 
fre q u e n c y  fe d  to  th e  sweep in p u t o f  th e  o s c illo s c o p e . m y-'-;
scan is synchronized with the oscilloscope sweep.
The sp e ed  o f  r o t a t io n  o f  th e  n u t a t in g  m ir r o r  and hence 
th e  s c a n  r a t e  i s  a d ju s t a b le  by means o f  th e  u se  o f  a s e r ie s  
o f  g e a r t r a in s  and t lie  tw o -sp e e d  sy n ch ro n o u s m otor w h ich  
d r iv e s  th e  e n t ir e  sy ste m . S ca n n in g  sp eed s may be v a r ie d  -
betw een 2\  s c a n s /s e c o n d  to  150 s c a n s /s e c o n d . H ow ever, t lie  
d a ta  p ro c e s s in g  m ethods u sed in  t h is  s e r ie s  o f  m easurem ents v
d id  n o t p e rm it any o th e r th a n  t lie  lo w e s t s c a n  r a t e .  In d e e d , 
even a t  2\  s c a n s /s e c o n d  o n ly  th re e  o r  fo u r  s c a n s o f  th e  
f i f t y  o r  so  sc a n s o b ta in e d  d u rin g  a no rm al b u rn  c o u ld  be 
a n a ly s e d  f u l l y  e x c e p t in  a few  in s t a n c e s . The o n ly  way to  
a v o id  t h is  dilem m a i s  to  ad o p t an a lt e r n a t iv e  data, re c o rd in g  
te c h n iq u e  s u d i a s m a g n e tic  ta p e  and to. re d u c e 'to  a minimum 
a l l  human in t e r a c t io n  betw een th e  e x p e rim e n ta l w ork and th e  
f in a l  p ro d u c tio n  o f  r e s u lt s . In  th e  c a se  o f 't h i s  s e r ie s  o f  
m easurem ents, t h is  p re m ise  was u n te n a b le  due to  f in a n c ia l 
re a s o n s .
O r ig in a lly ,  th e  m onochrom ator had 110 w a v e le n g th  d e te rm in in g  
syste m  in c o rp o ra te d  w it h in  t lie  in s tru m e n t. E v id e n t ly , i t  was 
th o u g h t th a t  t h is  c o u ld  be done in t e r n a l ly ,  th a t  i s ,  b y 
r e c o g n it io n  o f  lin e s  o r  bands in  th e  s p e c t ra  b e in g  s t u d ie d , 
b u t i t  soon became a p p a re n t th a t  f o r  a s o u rc e  w ith  as,, com plex 
a sp e ctru m  as th a t  o f  a p y r o t e c h n ic , t h is  was an im p o s s ib le  
t a s k . T h is  a r is e s  b e ca u se  th e  r e s o lu t io n  o f  th e  in s tru m e n t 
i s  n o t s u f f ic ie n t  to  r e s o lv e  f in e  s t r u c t u r e  on bands and 
s in c e  t lie  b u rn in g  p ro c e s s  i s  a  dynam ic o n e , th e  in t e n s it ie s  
o f  o v e rla p p in g  lin e s  and bands a r e . fu n c t io n s  o f  tim e , 
re n d e rin g  t h e ir  id e n t if ic a t io n  e x tre m e ly  d i f f i c u l t .
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A c c o rd in g ly , i t  was c o n s id e re d  n e c e s s a ry  th a t  some 
w a v e le n g th  re fe re n c e  m a rk e rs w ere re q u ire d  to  be . 
su p e rim p o se d  upon th e  f ilm  re c o rd  o f  th e  t ra c e s  
o b ta in e d . From  th e s e  m a rke rs i t  was p o s s ib le  to  
a tta c h  a p r e v io u s ly  c a lib r a t e d  w a v e le n g th  s c a le  
to  e ach  t r a c e . W avelen g th  c a lib r a t io n  was a d iie v e d  
by re c o rd in g  th e  d is t a n c e s  from  th e  w a v e le n g th  m arke rs 
o f  known e m is s io n  l in e s  from  d is c h a rg e  tu b e s and 
p e rfo rm in g  a  le a s t  s q u a re ’ s f i t  p ro c e d u re  to  t h is  d a ta  
so  as to  o b ta in  a p o ly n o m in a l f i t t i n g  th e se  v a lu e s .
A se co n d  re a so n  f o r  h a v in g  w a v e le n g th  m a rke rs 
on e a d i t r a c e  was to  e n a b le  each to  be e x a c t ly  m a g n ifie d , 
to  d ie  same s iz e  b y  an e n la r g e r , when d ie  f ilm  re c o rd  
may h ave been s l i g h t ly  d is t o r t e d  b y th e  d e v e lo p in g  p ro c e s s . 
T h is  a s p e c t i s  d is c u s s e d  in  g re a te r  d e t a il  in  S e c tio n  ( 4 . 4 ) .
F ig u re  (1 1 ) shows how th e  w a v e le n g th  re fe re n c e s  w ere 
o b ta in e d . A d is c  c o n ta in in g  e ig h t  1 /3 2  in c h  m ille d  s lo t s  
sp a ce d  a t e q u a l•in t e r v a ls  aro u n d  i t s  c irc u m fe re n c e  was 
a t t a d ie d  to  th e  same s h a f t  w h id i p ro v id e d  d r iv e  to  th e  
180° s e c t o r  d io p p e r. M ounted on o p p o s ite  s id e s  o f  th e  d is c  
a re  a m in ia tu re  tu n g s te n  f ila m e n t  clam p and a ph oto  d e te c t o r  
w ith  b ia s in g  r e s is t o r ,  co n n e cte d  in  p a r a l le l  a c ro s s  a 
s u it a b le  6 v o lt  pow er l in e  a lre a d y  a v a ila b le  in  th e  
in s tru m e n t. As th e  d is c  r o t a t e s ,  a s lo t  becom es in te rp o s e d  
betw een th e  lam p and th e  p h o to -d io d e  c a u s in g  a  d e c re a se  in  
th e  v o lt a g e  o b se rv e d  a c ro s s  th e  la t t e r .  C o n s e q u e n tly , th e
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v o lt a g e  a c ro s s  th e  b ia s  r e s is t o r  in c re a s e s  and t h is  is . 
re c o rd e d  by th e  o s c illo s c o p e  im m e d ia te ly  beneath, th e  
s ig n a l o b ta in e d  fro m  th e  p h o t o m u lt ip lie r s  a t  th a t  p a r t ic u la r  
w a v e le n g th .
G re a t c a re  was ta k e n  to  c o m p le te ly  s e a l ‘t h is  d e v ic e  
w it h in  a  ja c k e t  so th a t  no s t r a y  l ig h t  from  th e  tu n g ste n  lam p 
was a b le  to  in t e r f e r e  w ith  th e  s p e c t ro -ra d ib m e try . S in c e  th e  
w a v e le n g th  m ark in g  d e v ic e  c o u p le d  d ir e c t ly  to  t lie  s h a f t  d r iv in g  
•die n u ta t in g  m ir r o r ,  f o r  a g iv e n  w a v e le n g th  drum  a n d -m icro m e te r 
s e t t in g  th e  re fe re n c e s  a lw a y s ap p e ared  a t  th e  same w a v e le n g th s 
r e la t iv e  to  'd ie  s p e c t r a l s c a n .
A f u r t h e r  m o d if ic a t io n  w h ich  was made o c c u rre d  in  th e  
g e a r b o x w h ich  d ro ve  th e  n u t a t in g  m ir r o r  from  th e  sy n ch ro n o u s 
m o to r. I t  was d is c o v e re d , from  th e  u se  o f  th e  w a v e le n g th  
m a rk e rs, th a t  th e re  was an e x c e s s iv e , amount o f  b a c k - la s h  in -  
th e  g e a r b o x. T h is  was due to  w ear betw een a s t e e l worm and 
a n y lo n  d r iv e  g e a r w h ich  h ad  ta k e n  p la c e  d u rin g  th e  p re v io u s  
u se  o f  t lie  in s tru m e n t. I n i t i a l l y ,  th e se  w ere re p la c e d  w ith  a 
b ra s s  worm and d r iv e  g e a r w h ich  w ore o u t a t  a v e ry  r a p id  r a t e ,  
le a v in g  a g re a t q u a n t it y  o f  m e ta l f i l i n g s  in  th e  o p t ic s  and 
m oving p a r t s . T h is  p ro b le m  h as b een overcom e b y th e  u se  o f  a 
s t e e l worm and a b ra s s  d r iv e  g e a r; to g e th e r w ith  a. b ra k e  on 
th e  d r iv e  s h a f t  w h ich  rem oved m ost o f  th e  b a c k - la s h . The 
a d ju stm e n t o f  th e  b ra k e  was e x tre m e ly  c r i t i c a l  -  to o  much 
f r ic t io n  r e s u lt e d  in  a h e a vy  w e ar on th e  . g e a rs  -  w h ils t  to o  
l i t t l e  r e s u lt e d  in  th e  b a c k - la s h  s t i l l  b e in g  o b s e rv e d . a g a in s t  
th e  s p e c t r a l re c o rd .
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t h is  w ork i t  q u ic k ly  became e v id e n t th a t  th e re  w ere 
s e r io u s  m isa lig n m e n ts  in  th e  o p t ic a l sy ste m . T e s t s  on . ft.
th e  r e s o lu t io n  and th e  s e n s it iv i t y  o f  th e  in s tru m e n t 
showed th a t  i t  was o p e ra t in g  o u t s id e  th e  m ake r’ s 
s p e c if ic a t io n ,  and a d d it io n a lly  th e re  was a la r g e  amount 
o f  s t r a y  l ig h t  w it h in  th e  o p t ic a l syste m .
F i r s t l y ,  i t  was fo u n d  th a t  th e  e x it  s l i t  w id th  was 
s e r io u s ly  o u t o f  s te p  w ith  th a t  o f  th e  e n tra n c e  s l i t .  H ie  
two s l i t s  a re  c o u p le d  to g e th e r m e c h a n ic a lly  b y  m eans’ o f  
tiro  s p r in g  s t e e l ban ds as. may be se e n  in  F ig u re  (9 ) w h ich  
shows th e  v ie w  o f  th e  m onochrom ator from  b e lo w . I t  i s  
p r e f e r a b le , f o r  t lie  p u rpose, o f  im pro ved r e s o lu t io n ,  to  have 
e q u a l e n tra n c e  and e x it  w id th s . To s e t  th e  s l i t s  a t  th e  same ft 
w id th s , a num ber o f  p a ir s  o f  gauges o f  b a ls a  wood w ere s e le c t e d  
o f  v a r io u s  t h ic k n e s s e s . B a ls a  was ch o sen  so  th a t  no damage ftft ' 
c o u ld  be c a u se d  to  th e  k n ife -e d g e s  o f  th e  s l i t s  i f  th e y  w ere 
in a d v e r t e n t ly  c lo s e d  dow n-onto .the gauges to o  t ig h t ly .  E ach ... 
gauge was p la c e d  in  th e  s l i t s  and th e  s t e e l bands on t lie  e x it  
s l i t  m echanism  a d ju s te d  f o r  e q u a liz a t io n  o f  th e  w id th s . The : 
f in a l  t e s t  f o r  e q u a liz a t io n  was to  o b se rv e * th e  shape, o f  an 
e m is s io n  l in e  w h ich  was sca n n e d  w ith  th e  m onochrom ator to  se e  
w h eth e r o r  n o t i t  fo llo w e d  th e  c h a r a c t e r is t ic  t r ia n g u la r  sh a p e , 
d is c u s s e d  in  S e c tio n  ( 3 . 3 ) .
S e c o n d ly /b e c a u s e  t lie  e n tra n c e  s l i t  was in s e t  some 
d is t a n c e  from  th e  ca se  o f  th e  m onochrom ator, a c o n s id e ra b le  
amount o f  s t r a y  l i g h t  c o u ld  g e t in t o  H ie  in s tru m e n t . : T h is  . ft 
was due to  H ie  f a c t  th a t  in s t e a d  o f  fo c u s s in g  th e  in co m in g  * 1
Mien the instrument firs t became available for -
r a d ia t io n  o nto  th e  s l i t ,  th u s r ig id ly  d e f in in g  th e  s o lid  
a n g le  in  w h ich  th e  l i g h t  e n te re d  th e  -m onochrom ator, th e  
r a d ia t io n  was s c a t t e r e d  fro m  th e  MgO s c re e n . I t  wa.s 
n e c e s s a ry  to  ad o p t th e  la t t e r  m ethod in  o rd e r to  e n su re  
th a t  th e  a p e rtu re  o f  th e  m onochrom ator was c o m p le te ly  . 
f i l l e d .  The s t r a y  l i g h t  was e lim in a te d  b y  f i t t i n g  a mask . 
to  th e  e n tra n c e  s l i t s  as may be se e n  in  F ig u re  ( 1 3 ) .  T h is  
m ask p re v e n te d  any l i g h t ,  o th e r th a n  th a t  g o in g  th ro u g h  
th e  s l i t ,  from  g e t t in g  in t o  th e  in s tru m e n t.
T h ir d ly ,  a c o n s id e ra b le  e f f o r t  had to  be sp e n t on 
th e  re -a lig n m e n t o f  t lie  o p t ic s  o f  th e  m onochrom ator, 
c o n c e n tra tin g  p a r t ic u la r ly  on th e  c o m e r cube m ir r o r  
a sse m b ly . From  th e  d e s c r ip t io n  o f  t lie  o p e ra t io n  o f  th e  
syste m  i t  w i l l  be e v id e n t th a t  th e  optim um  a lig n m e n t o f  ' 
e ach  o p t ic a l com ponent i s  s t r o n g ly  dependent upon t h a t  
o f  th e  o th e rs .. As th e  e v e n t u a lit y  o f  th e  need f o r  
re -a lig n m e n t seem ed n o t to  h ave o c c u rre d  to  th e  m a n u fa c tu re r 
th e re  were no in s t r u c t io n s  a v a ila b le  f o r  t l i i s  t a s k , n o r w ere 
th e re , any m ain ten an ce  e n g in e e rs  a cq u a in te d , w it h  th e  
in s tru m e n t in  t h is  c o u n try . C o n se q u e n tly , th e  f i r s t  a ttem p t • 
a t  re -a lig n m e n t to o k  th re e  w eeks o f  t r i a l  and e r r o r  b e fo re  
th e  optim um  was o b ta in e d . F u rt h e r  re -a lig n m e n t o f  th e; o p t ic s  
became n e c e s s a ry  when th e  in s tru m e n t was moved to  an 
a lt e r n a t iv e  b u rn in g  h e a rth . T h is  s it u a t io n  a ro se  b e ca u se  
th e  b u rn in g  r a t e s  o f  some c o m p o sitio n s  w ere so  g re a t -th a t 
th e  o r ig in a l b u rn in g  h e a rth  c o u ld  n o t rem ove th e  smoke 
g e n e ra te d  a t  a s u f f ic ie n t  r a t e  in  o rd e r to  p re v e n t 
o b s c u ra tio n  o f  th e  fla m e .
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The fo llo w in g  p ro c e d u re  was fo u n d  to  be th e  b e s t 
way o f  a lig n in g  th e  o p t ic s :  a m e rcu ry  d is c h a rg e  tube, was 
p la c e d  a g a in s t  th e  e n tra n c e  s l i t  a f t e r  th e  c o v e r o f  th e  
in s tru m e n t had been rem oved. A ja c k e t  was c o n s tru c te d  to  
c o v e r th e  lam p so t h a t  th e  im age o f • th e  s l i t  c o u ld  be 
tra c e d  th ro u g h  th e  f o u r  p a sse s, w ith o u t b e in g  o b scu re d  
b y s t r a y  l i g h t .  H ow ever, a l l  a d ju stm e n ts had to  be made 
r a p id ly  b e ca u se  H ie  ja c k e t  te n d ed  to  ca u se  th e  d is c h a rg e  
tu b e  to  o v e rh e a t. The m icro m e te r scre w  was th e n  a d ju s te d  
to  z e ro  so  th a t  th e re  was no s c a n n in g  f a c i l i t y ,  i . e .  M2 
110 lo n g e r n u ta te d  when H ie  d r iv e  was in  o p e ra t io n . The 
w a v e le n g th  drum  was s e t  to  6 .0  u n it s .  The r o o f  m ir r o r  (M3) 
lo c k in g  scre w  was lo o se n e d  and H ie  m ir r o r  M3 ro ta te d  
u n t i l  th e  m e rcu ry  g re e n  l in e  ap p e ared  in  th e  e x it  s l i t .
The lo c k in g  scre w  was th e n  r e “ tig h te n e d . N e x t, th e  
m icro m e te r sc re w  re a d in g  was in c re a s e d  s l i g h t ly  and H ie 
p a r a b o lic  m ir r o r  MI was a d ju s te d  to g e th e r w ith  th e  f in a l  
d ia g o n a l m ir r o r  M5 and th e  bottom  m ir r o r  o f  H ie  c o m e r 
cube asse m b ly  M4 so as to  o b ta in  a s y m m e tric a l p a t t e rn  
b e h in d  th e  e x it  s l i t  as th e  g re e n  l in e  i s  sca n n e d  b a ck ­
w ards and fo rw a rd s a c ro s s  th e  s l i t .  F in a l ly ,  H ie  to p  
m ir r o r  o f  th e  c o m e r cube a sse m b ly , M4, was a d ju s te d  to  
th e  same c r it e r io n .  The s ta n d a rd  f o r  p ro p e r a lig n m e n t 
was good o p t ic a l a lig n m e n t w it h  no v ig n e t t in g  p re s e n t 
in  H ie  f in a l  im age.
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D e s p ite  th e  -im provem ents made to  th e  o p e ra t io n  
o f  th e  m onochrom ator, i t  was fo u n d  th a t  th e  system  
s t i l l  la c k e d  ad eq u ate s e n s it iv i t y .  T h is  was p ro b a b ly  
due to  th e  m ethod o f  g a th e rin g  th e  l ig h t  r a d ia t e d  by 
th e  s o u rc e  b e in g  s t u d ie d  u s in g  a MgO d if f u s e  r e f le c t o r .
I t  i s  e v id e n t th a t  t h is  i s  an in e f f ic ie n t  way to  g a th e r 
l ig h t  s in c e  th e  r a d ia t io n  w h ic h  im p in g e s upon th e  
r e f le c t o r  th ro u g h  a s m a ll s o lid  a n g le  i s  r e - r a d ia t e d  
o v e r a h e m isp h e re  o f  w h ic h  o n ly  a s m a ll f r a c t io n  i s  
c o n ta in e d  b y th e  f i e l d  o f  v ie w  o f  th e  m onochrom ator.
To overcom e t l i i s  p ro b le m  th e  o r ig in a l d e te c t o r  f o r  th e  
in s tru m e n t, an RCA IP 2 8  p h o t o m u lt ip lie r , was re p la c e d  
w ith  two p h o t o m u lt ip lie r s , an EMI 9558QA and a. RCA 7 1 0 2 , 
b o th  h a v in g  a g re a t e r  num ber o f  s ta g e s  and hence g re a te r  
a m p lif ic a t io n  th a n  th e  o r ig in a l.  The u se  o f  th e se  p h o to ­
m u lt ip lie r s  n e c e s s it a t e d  th e  c o n s t r u c t io n  o f  a new 
h o u sin g  in c o r p o r a t in g  a p p ro p ria t e  dynode c h a in s  f o r  e ach  
p h o t o m u lt ip lie r . F ig u re  (1 2 ) g iv e s  a v ie w  o f  t h is  
asse m b ly  and shows t lie  two sc re w  a d ju stm e n ts w h ic h  a llo w  th e  
p h o t o m u lt ip lie r s  to  be moved in  b o th  th e  v e r t ic a l  and 
h o r iz o n t a l p la n e s  in  o rd e r to  o b ta in  th e  maximum s ig n a l.
H ie  o n ly  p rism s  a v a ila b le  f o r  t h is  s e r ie s  o f  
m easurem ent w ere th o se  made o f  c a lc iu m  f lu o r id e  and 
sodium  c h lo r id e .  The la t t e r  was d is c a rd e d  b e ca u se  o f  
i t s  h y g ro s c o p ic  n a t u re , w h ich  r e q u ire d  t lie  d ry in g  o f  
t lie  atm osphere in  th e  in s tru m e n t and h e rm e tic  s e a lin g  
in  o rd e r to  a v o id  s p o ilin g  th e  o p t ic a l ly  f l a t  fa c e s
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o f  th e  p ris m . F ig u re  (1 4 ) shows, th e  d is p e r s io n s  o f  
p o s s ib le  p ris m  m a t e r ia ls  in  th e  w a v e le n g th  ra n g e  o f  
in t e r e s t  in  t h is  s tu d y , and i t  was u n fo rtu n a te  th a t  
i t  p ro v e d  im p o s s ib le  to  o b ta in  p rism s  o f  t lie  
a lt e r n a t iv e  m a t e r ia ls .  H ow ever, f o r  th e n e a r in f r a ­
re d  r e g io n , i t  may be se e n  t h a t  CaFft i s  s u p e r io r  in  
• d is p e rs io n  to  th a t  o f  t lie  o th e r m a t e r ia ls .
F ig u re  (5 ) shows th e  r e s u lt s  o f  m easurem ents . 
made upon H ie  in s tru m e n t to  d e te rm in e  th e  ban d p ass o f  
th e  m onochrom ator th ro u g h  th e  w a v e le n g th  ra n g e  400 -  
1000 nm. T h is  was done u s in g  th e  two- d e te c t o rs  and 
s c a n n in g  H ie  o u tp u t from  th re e  m ain s o u rc e s , nam ely 
m e rc u ry , cadmium and a rg o n  d is c h a rg e  tu b e s . I t  may 
be se e n  H la t  f o r  th e  c a se  o f  H ie  s l i t  s e t t in g  a t  
0 . 2  mm i t  i s  a re a s o n a b le  a p p ro x im a tio n  to  assum e 
H ia t  th e  b an d p ass i s  a l in e a r  fu n c t io n  o f  w a v e le n g th  
h a v in g  a v a lu e  o f  1 nm a t  400 nm and 8 nm .a t 1000 nm. 
T h is  in c re a s e  in  th e  w id th  o f  th e  b an dpass f u n c t io n  
w ith  in c r e a s in g  w a v e le n g th  i s  f a i r l y  t y p ic a l o f  a  
m onochrom ator w h ich  u se s  p rism s  as th e  d is p e r s in g  
e le m e n t. F o r a g r a t in g  in s tru m e n t H ie  ban d p ass 
re m a in s c o n s ta n t w ith  w a v e le n g th  and th u s s im p lif ie s ,  
to  some e x t e n t , any c o r r e c t io n s  w h ich  need, to  be 
a p p lie d  to  th e  o b se rv e d  s p e c t r a  in  o rd e r to  o b ta in  
th e  t ru e  s p e c t r a l pow er d is t r ib u t io n .
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W avelen g th  in  nm
F ig u re  (1 4 ) C om parison o f  r e f r a c t iv e  in d ic e s  and r e c ip r o c a l d is p e r s iv e  
p o w e r, V , f o r  Q u a rtz , C a lc iu m  F lu o r id e  and F u se d  S i l i c a .
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700
F o r th e  s p e c t r a l ra n g e  b e in g  exam ined in  t h is  s e r ie s  
o f  m easu rem en ts, nam ely -(die v i s ib l e  and n e a r in f r a - r e d  
r e g io n s , p h o t o m u lt ip lie r s  w ere u se d  to  m easure th e  r a d ia n t  
f lu x  em erging from  th e  m onochrom ator. T h e ir  a d van tag e s o v e r 
o th e r r a d ia t io n  d e te c t o rs  a re  v e ry  h ig h  o v e r a ll g a in s , lo w  
n o is e  le v e ls ,  lo w  d a rk  c u r r e n t s  and ease  o f  o p e ra t io n .
The m ain d isa d v a n ta g e  in  t h e ir  u se  i s  t h e ir  r e la t iv e ly  
n a rro w  u s e f u l s p e c t r a l ra n g e  o f  re sp o n se  w h ich  may g e n e r a lly  
be re ck o n e d  to  be o f  th e  o rd e r o f  500 nm. C o n s e q u e n tly , two 
d e te c to rs  had to  be u se d  f o r  t h is  s e r ie s  o f  m easurem ents.
F o r th e  re g io n  300 -  650 ran an E .M .I.  9558QA p h o t o m u lt ip lie r  * 
h a v in g  a q u a rtz  window  and s p e c ia lly  s e le c t e d  b y t lie  manu­
f a c t u r e r s  !  f o r  h ig h  s e n s it iv i t y ,  was u se d . F o r th e  ran g e  
650 -  1000 nm an RCA 7102 w ith  an end g la s s  window  wa.s 
u se d . T a b le  (1 )  g iv e s  th e  c h a r a c t e r is t ic s  o f  b o th  p h o to ­
m u lt ip lie r s  as s t a t e d  b y t lie  m a n u fa c tu re rs  to g e th e r w ith  
some ch e ck  v a lu e s  o f  d a rk  c u r r e n t  made by m o n ito rin g , 
p o t e n t io m e t r ic a lly , th e  v o lt a g e  d e ve lo p e d  a c ro s s  a 6kil 
anode lo a d  r e s is t a n c e . F ig u re  (4 ) shows th e  r e la t iv e  
re sp o n se  o f  th e  9558QA and th e  710 2  p h o t o m u lt ip lie r s . '
B oth c u rv e s  w ere o b ta in e d  by ta k in g  a r a t io  a t  s u c c e s s iv e  
w a v e le n g th s o f  th e  s ig n a l.o b t a in e d  from  e a d i d e te c t o r  
w ith  th e  r e la t iv e  e n e rg y  p e r u n it  b an d w id th  o f . a  
S tandard. A Illu m in a n t .
4.2 The Detectors
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I t  i s  d e s ir a b le - t h a t  th e re  i s  some o v e rla p  in  th e  
s p e c t r a l ra n g e s o f  th e  d e te c t o rs  f o r  s e v e r a l re a s o n s . 
F i r s t l y ,  co m p ariso n s may be made betw een p y r o t e d in ic s  
w ith  th e  same c o m p o sitio n  in  o rd e r to  ch e ck w h eth e r 
H ie s p e c t ro - ra d io m e te r was o p e r a t in g - c o r r e c t ly . . I t  
c o u ld  n o t be e x p e c te d  th a t  th e  two s p e c t r a l pow er 
d is t r ib u t io n s  w o u ld  e x a c t ly  m atch up in  th e  o v e rla p  
re g io n  b e cau se  th e  two r e s u lt s  a re  o b ta in e d  from  two 
s e p a ra te  f la r e s .  H ow ever, I f  a s ig n if ic a n t  d if f e r e n c e  
betw een th e  two r e s u lt s  was s e e n , i t  was v e ry  e v id e n t 
th a t  a s p u rio u s  r e s u lt  h ad  been re c o rd e d , due e it h e r  
to  tro u b le  w ith  t lie  m onochrom ator o r  a co m b u stio n 
f a u lt  in  th e  p y ro te c h n ic .
S e c o n d ly , m easurem ents o f  t lie  b an d w id th  o f  th e  
in s tru m e n t in  th e  re d  s p e c t r a l re g io n  as shown in  
S e c tio n  ( 4 .1 )  in d ic a t e  t h a t  th e  r e s o lu t io n  i s  p o o r.
To a v o id  lo s in g  d e t a il  in  th e  s p e c t r a l pow er 
d is t r ib u t io n ,  i t  i s  n e c e s s a ry  to  c lo s e  t lie  s l i t  w id th  
down to  th e  s m a lle s t  v a lu e  c o m p a tib le  w ith  th e  s ig n a l 
to  n o is e  r a t io ,  and th e  s m a ll amount o f  a v a ila b le  
e n e rg y  r e q u ir e s  th e  d e te c t o r  to  be o p e ra t in g  c lo s e  to  
i t s  p eak s e n s it iv i t y .  T h ir d ly ,  o p e ra t in g  n e a r to  th e  
c u t - o f f  re g io n s  o f  t lie  d e te c t o rs  w i l l  p ro d u ce  an 
a s y m e tric  syste m  f u n c t io n  W (A, A) as d is c u s s e d  in  
S e c t io n .( 3 . 3 ) .  W h ils t  su ch  a  fu n c t io n  can be d e a lt  
w ith  in  th e  s l i t  c o r r e c t io n  p ro c e d u re , one o f  th e
S p e c t ra l Res p o n se s o f  EMI 9 5 5 3QA and RCA 7102 P h o t o m u lt ip lie r s
W avelen g th  in  nm R e la t iv e  R e la t iv e
R e s p o n s iv it y  R e s p o n s iv ity
o f  EMI o f  RCA
3 0 2 .1  1 .1 0 1
3 1 3 .2  1 .1 1 0
3 3 4 .1  1 .1 3 1
3 6 5 .0  , 1 .2 0 8
380 1 .2 3 0 .
400 1 .2 3 0
420 1 .2 2 3
440 1 .1 8 1
460 1 .1 2 4
480 1 .0 6 0
500 1 .0 0 0  1 .0 0
525 0 .9 1 8  1 .0 6
550 0 .8 1 6  1 .1 7
5 75  0 .7 2 5  . 1 .3 2 5
600 0 .6 4 6  1 .5 1
625 0 .5 72 ,
650 0 .4 9 5  1 .9 2
700 0 .3 4 2  2 .3 6
725 -  2 .5 3
Table 1
750 0.192 2.65
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W avelen g th  in . ran R e la t iv e  R e la t iv e
R e s p o n s iv it y  R e s p o n s iv ity
o f  EMI o f  RCA
775  -  2 .7 1
800 0 .0 6 5 4  2 .7 1
325 -  2 .6 5
850 -  2 .5 1
875 -  2 .3 2
900 -  2 .0 4
950 -  1 .3 6
1 0 0 0  -  0 .6 5
1050 -  0 .1 9 8
1 1 0 0  ~ ; 0 .0 4 3  
115 0  -  0 .0 0 9
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im p lic it  a ssu m p tio n s made i s  th a t  W (A,A) does change 
to o  r a p id ly  w ith  w a v e le n g th  f o r  th e  tra n s fo rm a tio n s  
to  be s t r i c t l y  c o r r e c t .
P y ro te c h n ic s  e x h ib it  c o n s id e ra b le  d if f e r e n c e s  in  
th e  amount o f . e n e rg y  e m itte d  in  H ie  form  o f  l i g h t ,  and 
t h is  m eant th a t  i t  was n e c e s s a ry  to  in c o rp o ra te  some 
form  o f  ra n g e  c h a n g in g  d e v ic e , s in c e  th e  d im e n sio n s o f
or
H ie  la b o r a t o r y  p re c lu d e d  H ie  movement o f  th e  e q u ip m en t. 
The f o llo w in g  p ro c e d u re  was ad o p te d .
F o r v e ry  in t e n s e  p y r o t e c h n ic s , w iH i th e  E .H .T . 
v o lt a g e  and anode lo a d  r e s is t a n c e , a t  t h e ir  optim um , 
v a lu e s , th e  s l i t  w id H i was re d u c e d  u n t i l  e it h e r  H ie  
c u r r e n t  draw n from  th e  anode was le s s  th a n  IOOjjA  o r  
d if f r a c t io n  e f f e c t s  a t  th e  s l i t  ca u se d  no f u r t h e r  
re d u c t io n  in  t h is  c u r r e n t . H ie  c h o ic e  o f  lOGyA f o r  
H ie  p h o t o m u lt ip lie r  c u r r e n t  was d e te rm in e d  as b e in g  
H ie  maximum -that w o u ld  e n su re  l in e a r  o p e ra t io n .
S in c e  th e  anode lo a d  r e s is t a n c e  was know n, th e  
d e f le c t io n  p ro d u ce d  on an o s c illo s c o p e  by t h is  
v o lt a g e  and dro pped a c ro s s  th e  r e s is t a n c e  in d ic a t e d  
H ie  c u rre n t  draw n. I f  an im p asse was re a c h e d  in  w h ic h  
H ie  re d u c t io n  o f  s l i t  w id th  p ro d u ce d  no f u r t h e r  e f f e c t ,  
th e n  th e  E .H .T . v o lt a g e  was re d u ce d  in  o rd e r to  b r in g  
th e  c u r r e n t  in t o  ra n g e . To f i t  H ie  t r a c e  n e a t ly  in t o  
H ie  fram e s iz e  o f  the. cam era re c o rd in g  syste m  to  
be d is c u s s e d  la t e r ,  th e  anode lo a d  r e s is t a n c e  was 
a d ju s te d . Betw een 0  -  6Kft th e  s ig n a l v o lta g e  was
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fo u n d , e x p e r im e n t a lly , to  v a r y  l in e a r ly  w ith  anode lo a d  
r e s is t a n c e ,  i . e .  th e  p h o t o m u lt ip lie r  a c te d  as a c o n s ta n t 
c u r r e n t  d e v ic e . By th e s e  means i t  was p o s s ib le  to  e n su re  
th a t  th e  p h o t o m u lt ip lie r  was n o t b e in g  s a tu ra te d  o r  
fa t ig u e d  and c o n s e q u e n tly  was o p e ra t in g  l in e a r ly .  H ow ever, 
t h is  m ethod d id  r e s u lt  in  a d d it io n a l c a lib r a t io n s ,  o f  th e  
sp e c tro --ra d io m e te r s in c e  th e s e  had to  be p e rfo rm e d  f o r  each 
s l i t  a n d rE « H .T . s e t t in g .
F o r t lie  re v e rs e  c a s e , i.e . 'w e a k 'p y r o t e c h n ic s ,  an 
a lt e r n a t iv e  te c h n iq u e  had to  be ad o p te d . The s l i t  w id th s  
w ere in c re a s e d  to  0 .4  mm (c o n s id e re d  to  be t lie  maximum 
c o m p a tib le  w ith  re a s o n a b le  r e s o lu t io n  -  abo ut 15 ran a t  
650 nm) and i f  t h is  w as n o t. s u f f ic ie n t  to  p ro d u ce  a  -
re a s o n a b le  le v e l o f  s ig n a l,  t lie  E .H .T . v o lt a g e  w o u ld
th e n  be /in c re a s e d  to  th e  maximum v a lu e  p e rm itte d  b y t lie  
m a n u fa c tu re rs  s p e c if ic a t io n .  H ie  anode r e s is t a n c e  w o u ld , 
o f  c o u rs e , be s e t  on 6KP. F o r t u n a t e ly , th e  o c c a s io n s  on 
w h ich  t l i i s  o c c u rre d  w ere r a r e  and a re  l i s t e d  in  t a b le  ( 2 ) .
I t  i s  th u s se e n  t h a t  in  m ost o f  th e  above c a s e s  th e  
s p e c t r a l pow er d is t r ib u t io n  i s  o f  a p a r t ic u la r ly  s im p le  fo rm , 
c o n s is t in g  o f  o n e .e m is s io n  lin e .d u e  to  th e  two u n re s o lv e d  . 
p o ta ssiu m  re so n a n c e  l in e s  a t  7 6 6 .5  and 76 9 .9  nm.
A b an d w id th  o f  ab o u t 15 nm i s  t y p ic a lly  o b se rv e d .
F ig u re  (1 5 ) shows s c h e m a t ic a lly  th e  e x p e rim e n ta l la y o u t  
w it h  w hich, th e  s ig n a ls  from  th e  p h o t o m u lt ip lie r  w ere p ro c e s s e d , 
in c lu d in g  a r e p re s e n t a t io n  o f  th e  d a ta  re c o rd in g  sy ste m .
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Table 2
C o m p o sitio n C o n s titu e n ts L in e s  o r  Bands 
o b se rv e d J
288
ii
t
!
i|
P o ta ssiu m  N it r a t e  66 p a rt s  
A ntim ony S u lp h id e  14 "  
S u lp h u r 16 "  
S .M .P . 4
|
K re so n a n c e  l in e s
■ • |
7 6 6 .5  -  7 6 9 .9  nm !
i'
I
OH O
>
'
P o ta ssiu m  P e rc h lo ra t e  35 p a r t s
Ammonium P e rc h lo ra t e  20 "
S tro n tiu m  O x a la te  20 "
*
A c a ro id  R e s in  25 "
;
K re so n a n c e  lin e s
7 6 6 .5  -  7 6 9 .9  nm :
SrOH 600-682 nm ■•!
b a n d , S rC l
620 ~ 650 nm band..
391
I
f
P o ta ssiu m  N it r a t e  38 p a rt s
‘
B ariu m  N it r a t e  38 "  
S u lp h u r 14 ”  
R e a lg a r 10  11
K re so n a n c e  lin e s  
p o s s ib ly  some BaO 
o r  Ba^O^ bands 
b u t v e ry  w eak
i
670
1
I
<
P o ta ssiu m  N it r a t e  54 p a rt s  
S u lp h u r 23 "  
A ntim ony 23 "
I( re so n a n c e  l in e s
!
*
j
6 71 j P o ta ssiu m  C h lo ra te
I
! S tro n tiu m  N it r a t e
i<
1 S h e lla c  
C alom el
53 p a rt s
2 0  "
1 3  "
7 n
K re so n a n c e  l in e s  j
S rC l bands b u t 
v e ry  w eak ■
C h a rc o a l 7
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T h e re  a re  a num ber o f  m ethods o f  re c o rd in g  a n a lo g u e  
s ig n a ls  f o r  t h e ir  la t e r  a n a ly s is  and su b se q u e n t e x t r a c t io n  
o f  th e  r e le v a n t  d a ta . T hese m ethods may b ro a d ly  be c la s s if ie d  
in t o  c h a rt  o r  o s c illo g r a p h  r e c o r d e r s , m a g n e tic  ta p e  o r  d is c  
r e c o r d e r s , and p h o to g ra p h ic  te c h n iq u e s . The c h o ic e  o f  an in ­
d iv id u a l system  depends upon su ch  f a c t o r s  as c o s t ,  q u a n t it y  
o r th ro u g h -p u t o f  d a t a , fre q u e n c y  re sp o n se  o f  th e  re c o r d e r , 
s iz e  o f  s ig n a l to  be re c o rd e d , and c o m p a t ib ilit y  w ith  
su b se q u e n t d a ta  p ro c e s s in g  m ethods. T h e re  w ere a num ber o f  
f a c t o r s  w h ich  lim it e d  th e  c h o ic e  o f  re c o rd in g  m ethods to  
ju s t  one te c h n iq u e .
C o n s id e r f i r s t  th e  fre q u e n c y  re sp o n se  r e q u ir e d  o f  th e  
re c o rd in g  sy ste m . T y p ic a lly ,  a t  a sc a n  ra t e  o f  2 .5  s e c  \  
o r  ab o ut 175 0  nm s e c  \  a fre q u e n c y  re sp o n se  o f  ab o u t 10  kH z 
i s  re q u ir e d  in  o rd e r to  r e s o lv e  any f in e  s t r u c t u r e  o f  band­
w id th  1 nm o r  s l i g h t ly  le s s  in  th e  s p e c t r a l pow er d is t r ib u t io n .  
A t f i r s t  s ig h t  th e  s e le c t io n  o f  t h is  c r it e r io n  m ig h t a p p e a r 
q u it e  a r b it r a r y  b u t i t  i s  co n n e cte d  w ith  th e  r e s o lv in g  pow er 
o f  th e  d is p e r s in g  sy ste m  in  th e  m onochrom ator. A t b e s t  t h is  
i s  a g a in  ab o ut 1 nm (se e  F ig u re  5 ) .  I t  i s  e v id e n t t h a t  i t  i s  
d e s ir a b le  to  f i l t e r  o u t any unw anted n o i.se  w ith  fre q u e n c y  
above 10 kHz and so  H ie  -6dB  p o in t  was ch o sen  to  o c c u r a t 
20 kH z. T h is  n e c e s s it a t e d  th e  in s e r t io n  o f  a O .O lyF  
c a p a c it o r  in  p a r a l le l  w ith  th e  anode lo a d  r e s is t a n c e .  H ie  
re q u ire m e n t th a t  th e  fre q u e n c y  re sp o n se  o f  th e  re c o rd in g  
syste m  i s  f l a t  from  D .C . up to  10 kHz im m e d ia te ly  p re v e n ts  
th e  u se  o f  c h a rt  re c o rd e rs  f o r  t h is  p u rp o s e . I t  i s  s t i l l
4.3 Data Recording Methods
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p o s s ib le  to  u se  o s c illo g r a p h s  o v e r t h is  ra n g e  b u t th e
s e n s it iv i t ie s  o f  t lie  g a lv a n o m e te rs u se d  a re  m easured
- 1m  term s o f  am peres in c h  o f  d e f le c t io n  and th u s
3 4r e q u ir e  a c u r r e n t  a m p lif ic a t io n  o f  10 -  10 o f  t lie
s ig n a l from  th e  p h o t o m u lt ip lie r . In  a d d it io n , 'tlie  
p a p e r fe e d -o u t sp e ed  need ed  to  p ro d u ce  a re a s o n a b le  
d is p la y  o f  t lie  s ig n a l i s  e x c e s s iv e  and r e s u lt s  in  a 
’ h o u s e -k e e p in g ' p ro b le m  o f  s t o r in g  a l l  th e  p a p e r.
H ie  d i f f i c u l t y  o f  o b ta in in g  t r u ly  l in e a r  a m p lif ic a t io n  
w ith  h ig h  g a in  and th e  la t t e r  p ro b le m  make th e  u se  o f  
o s c illo g r a p h s  an im p r a c t ic a l p r o p o s it io n . The a lt e r n a t iv e s  
a r e , t h e r e fo r e , m a g n e tic ta p e  o f  d is c  syste m s o r  p h o to ­
g ra p h ic  m ethods.
. A se co n d  c o n s id e r a t io n  i s  th e  r a t e  a t  w h ic h  d a ta  i s  
needed to  be re c o rd e d . T y p ic a lly ,  ab o ut 200 p o in t s  a re  
re q u ire d  to  be re c o rd e d  d u rin g  each  sc a n  in  o rd e r to  
o b ta in  th e  f u l l  r e s o lv in g  c a p a b il it ie s  o f  th e  s p e c t ro -  
ra d io m e te r, assum in g  a  sweep o f  a p p ro x im a te ly  350 nm 
th ro u g h  th e  s p e c t r u . T h is  f a i r l y  c o a rs e  sa m p lin g  comb 
i s  p o s s ib le  due to  th e  f a c t  th a t  in  n e a r ly  a l l  c a se s 
m ost o f  th e  pow er e m itte d  b y  p y ro te c lm ic s  o c c u rs  a t  o r  
above 580 nm, in d e e d  in  many in s ta n c e s  i t  i s  th e  re g io n  
600 nm to  700 nm w h ich  i s  o f  g re a t e s t  in t e r e s t .  In  th e se  
re g io n s  th e  r e s o lu t io n  i s  n e v e r b e t t e r  th a n  2 nm.
Suppose th e  b u rn in g  tim e s o f  'tlie  p y ro te c h n ic s  s tu d ie d  
a.re t y p ic a lly  30 s e c s . ,  th e n  i t  i s  n e c e s s a ry  to  re c o rd
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a t  th e  r a t e  o f  4 .1 0  w o rds s e c  . A t th e  tim e  o f  w r it in g
in c re m e n ta l ta p e  re c o rd e rs  u s in g  a n a lo g u e  to  d i g it a l
~ 1
c o n v e rte rs  a c h ie v e  a p p ro x im a te ly  300 w ords s e c  , and so
i t  i s  e v id e n t th a t  a c o n tin u o u s  an a lo g u e /F M  sy ste m  i s
th e  o n ly  p r a c t ic a l fo rm  o f  r e c o rd in g . W ith  th e s e  syste m s
o p e ra t in g  a t  200 i . p . s .  o f  ta p e  i t  i s  p o s s ib le  to  re c o rd
s p e c t r a l d a ta  a t  ab o ut 100 s c a n s s e c  7 so  th a t  sa m p lin g
- 1th e  ta p e  a t  in t e r v a ls  o f  5 .1 0  in c h e s  w i l l  r e s u lt  in  a 
sa m p lin g  comb o f  ab o ut 2 -3  nm. H ow ever, a 30 s e c .b u m  . 
w i l l  u se  ab o ut 500 f t .  o f  ta p e  so th a t  a d a y 's  f i r i n g  w i l l  
u se  s e v e r a l r e e ls  o f  ta p e , a p r a c t ic a l im p o s s ib ilit y  
in  t h is  s tu d y . T h is  e lim in a t e s  a ls o  th e  u se  o f  
m a g n e tic d is c s .  In  a d d it io n  i t  i s  n e c e s s a ry  to  h ave 
some fo rm  o f  r e a l- t im e  v is u a l m o n ito rin g  f a c i l i t y  so
' v I
t h a t  th e  s p e c tro -ra d io m e te r may be a d ju s te d  to  g iv e
i t s  optim um  p e rfo rm a n ce  d u rin g  th e  f i r i n g  o f  th e  'lo o k e r '
f la r e .  F in a l ly ,  some form  o f  in t e r r o g a t io n  syste m  i s  y
needed to  c o n v e rt th e  a n a lo g u e  d a ta  in t o  d i g it a l  form
and p ro d u ce  p a p e r ta p e  o r c a rd  o u tp u t f o r  su b se q u e n t
in p u t  to  th e  com puter f o r  p ro c e s s in g . C o n tin u o u s
m a g n e tic  ta p e  re c o rd in g  syste m s a r e , t h e r e f o r e , a , .
p r a c t ic a l p r o p o s it io n  even up to  th e  h ig h e r  s c a n n in g
sp e ed s o f  th e  PE 108 m onochrom ator. H ow ever, th e  c o s t
o f  t lie  sy ste m  c o m p ris in g  o f  ta p e  r e c o r d e r , in t e r r o g a t io n  *
u n it  and p a p e r ta p e  o r c a rd  p r in t e r  was to o  h ig h  f o r
p u rc h a se  f o r  t h is  s tu d y . C o n s e q u e n tly , th e  u se  o f  an . »■
o s c illo s c o p e  and p h o to g ra p h ic  te c lm iq u e  was u se d .
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The s ig n a l d e v e lo p e d  a c ro s s  th e  anode lo a d  
r e s is t a n c e  was a m p lif ie d  b y means o f  a S o u th e rn  
In stru m e n ts  B .C . a m p lif ie r  and d is p la y e d  on a 
T e k t ro n ix  o s c illo s c o p e . As m en tio n ed  p r e v io u s ly  
in  s e c t io n  ( 4 . 1 ) ,  th e  sweep s ig n a l r e p la c in g  th e  
c o n v e n tio n a l tim e b a se  o f  H ie  o s c illo s c o p e  was 
d e r iv e d  fro m  a  tu n e d  o s c i l la t o r  c o u p le d  to  th e  
w a v e le n g th  sweep o f  th e  m onochrom ator. To o b ta in  
a perm anent re c o rd  o f  th e  d is p la y  o b se rv e d  011 th e  
o s c illo s c o p e  a m oving f ilm  cam era was u se d . The 
f ilm  t r a n s p o r t  m echanism  was d r iv e n  by a sy n ch ro n o u s 
m o to r. The re c o rd in g  medium was 35 mm Kodak ' L in a g ra p h ' 
f ilm  w h ich  was e stim a te d  to  h ave an ASA num ber o f  
a p p ro x im a te ly  1000 -  2000 i . e .  i t  was s u f f ic ie n t ly  f a s t  
to  re c o rd  Hie t r a c e  a t  th e s e  f a s t  w r it in g  sp e e d s.
H ie  s iz e  o f  H ie  re c o rd  o f  H ie  t r a c e  on th e  f ilm  
was la r g e ly  p re d e te rm in e d  by th e  need  to  u se  th e  c e n t r a l 
p o r t io n  o f  th e  o p t ic a l sy ste m  o f  th e  e n la r g e r  u se d  
s u b s e q u e n tly , in  o rd e r th a t  a good lin e a r  e x p a n sio n  was 
o b ta in e d . T h e re  w a s, h o w e ve r, a c o u n t e r - e f fe c t  in  th a t  
H ie  w a v e le n g th  a c c u ra c y  demanded as lo n g  a re c o rd  as 
p o s s ib le .  H ie  c h o ic e  o f  th e  amount o f  b r i l l ia n c e  o f  H ie  
s p o t 011 th e  o s c illo s c o p e  was a f u n c t io n  o f  th e  p e r s is t e n c e  
tim e  o f  th e  p h o sp h o r s c re e n , th e  w r it in g  sp e ed  o f  th e  
cath o d e ra y  tu b e  gun and p h o sp h o r, and H ie  need to  m in im iz e  
in a c c u r a c ie s  in c u r r e d  b y th e  p o o r s p o t s iz e  to  d e f le c t io n  
r a t io .  In  re g io n s  w here th e  w r it in g  sp eed  i s  f a s t ,  su c h  as
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o v e r s p e c t r a l l in e s ,  th e se  f a c t o r s  r e q u ir e  a H ig h  
b r i l l i a n c e  f o r  a g iv e n  f ilm , s e n s it iv i t y  and t r a n s p o r t  
v e lo c it y .  C o n v e rs e ly , in  re g io n s  w here th e  w r it in g  
sp e ed  i s  c o n s id e ra b ly  s lo w e r, su c h  as b la c k b o d y  
d is t r ib u t io n ,  th e  b r i l l i a n c e  may be much lo w e r. Thus 
th e  a c t u a l s e t t in g  was re a c h e d  by ta k in g  a com prom ise 
betw een th e  two e xtre m e s.
A p a rt from  th e s e  im m ediate t e c h n ic a l l im it a t io n s ,  
w h ich  a re  in h e re n t  in  t h is  m ethod o f  d a ta  r e c o rd in g , 
th e re  a re  two f u r t h e r  c o n s id e r a t io n s . F i r s t l y ,  th e  developm ent 
o f  th e  f ilm  re c o r d s , f ix in g ,  d r y in g , la b e ll in g  and s to ra g e  
was a c o n tin u o u s and tim e consum ing p ro c e s s . H ow ever, 
s in c e  o n ly  th e  s p a t ia l c o -o rd in a t e s  o f  th e  t r a c e  on t lie  
f ilm  w ere r e q u ir e d , no g re a t a t t e n t io n  was p a id  to  
d evelo pm ent p ro c e s s .
P a r t ic u la r  c a re  was g iv e n  to  th e  need to  a v o id  o r 
m in im iz e  t lie  d is t o r t io n  o f  th e  re c o rd  d u rin g  p ro c e s s in g .
T h is  was a c h ie v e d  b y  c a r r y in g  o u t th e  p ro c e s s  a t  th e  lo w e r 
te m p e ra tu re  th a n  th a t  s p e c if ie d  b y th e  m a n u fa c tu re r and 
p re v e n tin g  th e  f ilm  from  b e in g  te n s io n e d . T h is  was o n ly  
one o f  two d is t o r t io n  e f f e c t s  s in c e  th e re  w ere a ls o  s l ig h t  * 
i r r e g u la r it ie s  in  t lie  f ilm  t r a n s p o r t  v e lo c it y ,  p o s s ib ly  
due to  b a c k - la s h  o r  w e ar in  th e  com ponents o f  th e  cam era.
As a r e s u lt  o f  th e s e  two e f f e c t s , i t  was e s s e n t ia l th a t  a 
c o r r e c t io n  p ro c e d u re  h ad  to  be d e ve lo p e d  in  o r d e r 't o  
e n su re  th a t  t lie  w a v e le n g th  a c c u ra c y  w o u ld  be m a in ta in e d  a t
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a re a s o n a b le  le v e l.  S e rio u s  w a v e le n g th  in a c c u r a c ie s  in  
th e  w a v e le n g th  a ssig n m e n ts can  le a d  to  g ro s s  e r r o r s  in  
th e  c a lc u la t io n  o f  th e  s p e c t r a l pow er s in c e  th e  re fe re n c e  
w ith  w h ic h  th e  co m p a riso n  was made had a s p e c t r a l pow er 
d is t r ib u t io n  w h ich  was a f u n c t io n  o f  w a v e le n g th . M ost 
o f  th e  e r r o r  fro m  th e s e  two s o u rc e s  was e lim in a te d  b y 
t lie  u se  o f  two w a v e le n g th  m a rk e rs, one in  th e  'b lu e ' re g io n  
o f  th e  sp e ctru m  and one in  th e  'r e d ’ . As d is c u s s e d  in  
s e c t io n  ( 4 .1 )  th e  fo rm e r was u se d  as a w a v e le n g th  o r ig in  
upon w h ich  th e  w a v e le n g th  c a lib r a t io n  was b a s e d .. H ie , 
d is t a n c e  betw een th e  m a rke rs was fo u n d  to  v a ry  s l i g h t ly
from  t r a c e  to  t r a c e . To overcom e t h is ,  th e  d is t a n c e
betw een th e  two m a rk e rs o f  th e  e n la rg e d  t r a c e  o f  t lie  
w a v e le n g th  c a lib r a t io n  was s e t  to  an a r b it r a r y  ro u n d  
num ber, u s u a lly  ab o u t 15 cm, and a l l  su b se q u e n t tra c e s  
r e la t e d  to  t h is  v a lu e  u s in g  a c o r r e c t io n  f a c t o r .  The 
a ssu m p tio n  made h e re  was th a t  th e  f ilm  t ra n s p o r t  
v e lo c it y  th ro u g h  th e  cam era rem ained  c o n s ta n t d u rin g  th e  
tim e  w h ic h  e la p s e d  betw een th e  o c c u rre n c e  o f  th e  two 
w a v e le n g th  m a rk e rs. T h is  a ssu m p tio n  was fo u n d  n o t to  be 
s e r io u s ly  in c o r r e c t  as w i l l  be shown in  s e c t io n  (6 ) in  
w h ic h  th e  r e s u lt s  o f  a s e r ie s  o f  w a v e le n g th  c a lib r a t io n s  
a re  p re s e n te d .
The te c h n iq u e  c a n , h o w e ve r, be im proved b y in c r e a s in g  
t lie  num ber o f  w a v e le n g th  m a rk e rs a lo n g  th e  t r a c e  t o ,  s a y ,
t e n ,c a lib r a t in g  each m a rk e r u s in g  o n ly  one d is c h a rg e  tu b e ,
and t h e r e a ft e r  u s in g  th e s e  m arke r w a v e le n g th s a s in t e r n a l 
s ta n d a rd s  from  w h ich  a se c o n d a ry  w a v e le n g th  c a lib r a t io n  can
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be made f o r  e v e ry  t r a c e  r e la t in g  to  H ie i n i t i a l  c a lib r a t io n .
T h is  i s  th e  te c h n iq u e  p r e s e n t ly  em ployed a t  RARDE.
U n fo rt u n a t e ly , t h is  m eHiod c o u ld  n o t be em ployed due to  H ie
r a p id  s c a n n in g  r a t e .  Id e a lly ,  i t  h as been fo u n d  in  p r a c t ic e
th a t  ab o ut a dozen o r more s p e c t r a l l in e s  a re  need ed u s in g
th e  m ethod in  o rd e r to  o b ta in  a re a s o n a b le  c a lib r a t io n ,  and
i t  i s  u s u a l to  em ploy a d is c h a rg e  tu b e  c o n ta in in g  a m ix tu re
o f  th e  e x c it e d  s p e c ie s . F o r e xam p le , a m e rc u ry /c a d m iu m /z in c .
d is c h a rg e  tu b e in  th e  a lt e r n a t in g  c u rre n t  mode h a s been
f r e q u e n t ly  u se d . As a r e s u lt ,  th e  tu b e  ’ f i r e s ’ e v e ry
1 0  m illis e c o n d s  w h ich  f o r  an in s tru m e n t s c a n n in g  a t  2 \  p e r
- Ise co n d  o r  1 .5  nm ms ’ v ia  a m otor in  sy n c h ro n ism  w ith  th e 
m ains fre q u e n c y , means th a t  th e re  w i l l  be ’ d e a d ’ s p o ts  in  
th e  s c a n  a t  in t e r v a ls  o f  15 ran. F u r t h e r , b e ca u se  th e  in t e n s it y  
o f  H ie  s p e c t r a l l in e s  v a r ie s  in  a s in u s o id a l fa s h io n  a t  any 
g iv e n  w a v e le n g th  and i t  ta k e s  a f in i t e  p a r t  o f  H ie  c y c le  
f o r  th e  in s tru m e n t to  t r a v e r s e  th e  w a v e le n g th s, th e  r e la t i.v e  
in t e n s it ie s  o f  th e  lin e s  have no r e la t io n s h ip  to  H io se  
commonly q uo ted  (s e e  f o r  exam ple B rode ( ' / ) ) .  I t  i s ,  t h e r e fo r e , 
e s s e n t ia l th a t  a t  le a s t  one D .C . d is c h a rg e  tu b e  s h o u ld  be 
u se d  in  th e  w a v e le n g th  c a lib r a t io n ,  and su c h  a tu b e  w ith  a 
m ix tu re  o f  s p e c ie s  was n o t a v a ila b le  c o m m e rc ia lly  a t  th e  tim e  
th a t  H iis  w o rk was c a r r ie d  o u t. T h u s, s e v e r a l d is c h a rg e  tub'es 
- c o n ta in in g  d if f e r e n t  s p e c ie s  w ere u se d , one b e in g  a m e rcu ry  
D .C . tu b e , and th e  f i r s t  m ethod o f  w a v e le n g th  c a lib r a t io n  was 
em ployed.
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B e fo re  g o in g  on to  d is c u s s  th e  m ethods b y w h ic h  
th e  f ilm  re c o rd s  w ere a n a ly s e d  i t  i s  in t e r e s t in g  to  n o te  
th e  f o llo w in g . The c o s t  o f  p ro c e s s in g  d a ta  o f  t h is  
c o m p le x ity  i s  in d e p e n d e n t o f  'd ie  te c h n iq u e s  o r  m ethods 
em ployed. T h a t i s ,  w h e th e r a  s im p le  re c o rd in g  syste m  su ch  
as th a t  d e s c rib e d  above w ith  su b se q u e n t a n a ly s is  b y  hand 
m ethods o r a co m p lex syste m  u s in g  an a n a lo g u e  ta p e  r e c o r d e r , 
a n a lo g u e  to  d i g it a l  c o n v e rte r  and su b se q u e n t a n a ly s is  b y 
com puter i s  u se d , th e  c o s t  to  co m p lete th e  a n a ly s is  seems 
to  be a p p ro x im a te ly  th e  sam e, assum in g th e  c a p it a l c o s ts  
a re  w r it t e n  down o v e r f iv e  y e a rs:.. T h e re  m ay, o f  c o u rs e , be 
p r e s s in g  re a so n s f o r  o p tin g  f o r  one syste m  o r a n o th e r, f o r  
in s ta n c e  in  t h is  s tu d y  th e re  was a sh o rta g e  o f  s u it a b ly  
q u a lif ie d  m anpower, so  t h a t  some s te p s  had to  be ta k e n  to  
com pensate f o r  t h is  b y  m aking p a r t s  o f  i t  a u to m a tic .
One fe a t u re  o f  th e  data, re c o rd in g  sy ste m  d e m o n strate d
t lie  u s e fu ln e s s  o f  th e  p h o to g ra p h ic  medium as t lie  p r o je c t
p ro g re s s e d . T h is  was th e  e x tre m e ly  com pact s to ra g e  o f
in fo rm a tio n . A t th e  end o f  th e  s tu d y , s p e c t ra  from  about
300 f l a r e s , w h ich  r e s u lt e d  in  abo ut 10^ t r a c e s , w ere c o n ta in e d
3
in  a  volum e o f  ab o ut 8 f t  . I t  i s  e stim a te d  t h a t  h ad  an 
a lt e r n a t iv e  form  o f  re c o rd in g  been u se d , su ch  as m a g n e tic  
ta p e , a  r a t h e r  la r g e  f i l i n g  room  w o u ld  have been re q u ir e d .
4 .4  E x t r a c t io n  o f  D ata
I t  was se e n  in  th e  p re v io u s  s e c t io n s  how th e  s ig n a l 
from  th e  m onochrom ator was re co rd e d , on p h o to g ra p h ic  f ilm .
T h is  s e c t io n  w i l l  d e s c r ib e  h o w .th e  in fo rm a tio n  c o n ta in e d  
on th e  f ilm  was m a n ip u la te d  in t o  a s u it a b le  form  f o r  in p u t  
to  a com puter.
The f i r s t  s ta g e  in  t h is  p ro c e s s  was to  e n la rg e  th e  
t ra c e s  u s in g  an o rd in a ry  p h o to g ra p h ic  e n la r g e r  a id  a 
m a g n ific a t io n  o f  ab o ut f iv e  t im e s . A bout th re e  t r a c e s  from  
each  s e r ie s  o f  t ra c e s  f o r  e ach  f la r e  w ere e n la rg e d  and draw n 
o nto  p a p e r. These t r a c e s  w ere s e le c t e d  from  th a t  p a r t  o f  th e  
s e r ie s  in  w h ich  e q u ilib r iu m  co m b u stio n  had become e s t a b lis h e d  
and w ere ju d g e d  b y eye to  re p re s e n t  th e  m inim um , a ve ra g e  and 
maximum s p e c t r a l pow er d is t r ib u t io n s .  O b v io u s ly , t h is  m ethod 
o f  s e le c t io n  was l i a b le  to  b ia s  and i s  open to  c r it ic is m  
re g a rd in g  th e  v a l id i t y  o f  t lie  r e s u lt s .  H ow ever, a ch e ck  was 
made in  w h ich  e v e ry  o th e r t r a c e  was e n la rg e d  and p ro c e s s e d  
from  th e  co m p lete s e r ie s  o b ta in e d  f o r  th re e  f la r e s  and th e  
a ve ra g e  r e s u lt  was com pared w ith  th a t  o b ta in e d  u s in g  th e  
p re v io u s  c r it e r io n .  The d if f e r e n c e s  w ere m in im a l w ith  re s p e c t  
to  th e  o v e r a ll e x p e rim e n ta l a c c u ra c y . F u r t h e r , when i t  i s  
c o n s id e re d  how g re a t  th e  q u a n t it y  o f  d a ta  was th a t  had to  
be a n a ly s e d , i t  became im m e d ia te ly  e v id e n t th a t  w it h in  th e  
lim it a t io n s  o f  t lie  amount o f  manpower a v a ila b le  some schem e 
o f  t h is  k in d  had to  be ad o p te d .
A ch e ck  was made on th e  o p t ic a l syste m  o f  th e  e n la r g e r  . 
in  o rd e r to  e n su re  th a t  i t  d id  n o t in tro d u c e  any s ig n if ic a n t  
o p t ic a l d is t o r t io n  in t o  t lie  sy ste m . T h is  was a c h ie v e d  b y u s in g  
a le n g th  o f  f i lm  w h ic h  had been d e ve lo p e d  w ith o u t any p r io r  
e xp o su re  to  l i g h t ,  h a v in g  a g r id  o f  e q u a lly  sp a ce d  f in e  lin e s
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.in s c r ib e d  upon i t s  s u r f a c e . The g r id  was p r o je c t e d  o nto  
p a p e r and m easurem ents o f  s p a c in g  o f  th e  g r id  l in e s  showed 
t h a t ,p ro v id e d  t lie  s iz e  o f  th e  f ilm  t r a c e  was k e p t w it h in  
th e  a p p ro xim a te  d im e n sio n s 4 x 3  cm, th e n  th e  e r r o r  in c u r r e d  
fro m  t h is  s o u rc e  was o f  t lie  o rd e r o f  1%.
The seco n d  sta g e  in  th e  e x t r a c t io n  o f  d a ta  fro m  th e  f ilm  
re c o rd s  c o n s is t e d  o f  th e  m easurem ents o f  th e  e n la rg e d  t r a c e s  
o b ta in e d  on p a p e r. H ie  ty p e s o f  t r a c e s  w h ic h  r e q u ir e  m easure­
ment w ere w a v e le n g th  c a lib r a t io n s ,  e n e rg y  c a lib r a t io n s  and 
s p e c t r a  from  th e  f la r e s .
M ien t l i i s  w o rk was i n i t i a l l y  s t a r t e d , th e  s p e c t r a l re c o rd s  
on t lie  p a p e r w ere a n a ly s e d  b y m e a su rin g  th e  h e ig h ts  o f  th e  
re c o rd  from  th e  ’ d a r k - c u r r e n t ' b a s e lin e  a t  in t e r v a ls  o f  5 nm 
fro m  400 nm to  ab o ut 6.50 nm f o r  th o se  s p e c t ra  o b ta in e d  w ith  
an EMI p h o t o m u lt ip lie r . H ie  in t e r v a ls  a lo n g  th e  t r a c e  
c o rre s p o n d in g  to  th e  5 nm in c re m e n ts in  w a v e le n g th  w ere 
d e te rm in e d  fro m  th e  w a v e le n g th  c a lib r a t io n s ,  w h ich  w ere 
o b ta in e d  g r a p h ic a lly .  The s e r ie s  o f  h e ig h ts  a t  each ' wave­
le n g th  in c re m e n t w ere th e n  c a r e f u l ly  t r a n s c r ib e d  o n to  
punched p a p e r ta p e  f o r  su b se q u e n t a n a ly s is , b y  co m p u ter. I t  
q u ic k ly  became e v id e n t th a t  t h is  p ro c e s s  was p ro n e  to  e r r o r  
and was in h e r e n t ly  tim e co n su m in g , and i t  was e stim a te d  th a t  
ab o u t e ig h t  m an -years o f  e f f o r t  w o u ld  be r e q u ir e d  f o r  
c o m p le tio n . H ie  tim e s c a le  o f  th e  p r o je c t  was su ch  t h a t  t h is  
m ethod o f t r a c e  a n a ly s is  was p re c lu d e d  and a stu d y  w a s, 
t h e r e f o r e , made o f  a lt e r n a t iv e  m etho ds, b e a rin g  in  m ind th a t  
th e  c o s t  o f  im p le m e n tin g  th e  ch o sen  syste m  had to  be m in im a l
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and y e t  e f f e c t  a re d u c t io n  in  a n a ly s is  tim e  o f  ab o ut one 
o rd e r o f  m ag n itu d e.
H ie  s o lu t io n  to  th e s e  p ro b le m s was d e te rm in e d  to  be 
an x  -  y  t r a c e  re a d e r sy ste m  in  w h ich  th e  c o -o rd in a t e s  o f  
any p o in t  on th e  re a d in g  s u r fa c e  w ere a u t o m a t ic a lly  
re c o rd e d  011 punched p a p e r ta p e . The re a d in g  t a b le  and head 
w ere b u i l t  in  th e  w o rk s h o p ,o f th e  C h e m ical P h y s ic s  D epartm ent 
and a re  shown in  F ig u re  ( 1 6 ) .  I t  c o n s is t e d  o f  a t h ic k ,  f l a t  
s u r fa c e  o f  p e rs p e x , a p p ro x im a te ly  18 in c h e s  s q u a re , upon w h ich  
th e  p a p e r re c o rd  o f  th e  e n la rg e d , t r a c e  was r i g i d l y  h e ld  b y 
means o f  s p r in g  lo a d e d  c la m p in g  b a r s , a f t e r  t lie  fa s h io n  u se d  
on t y p e w rit in g  m ach in es f o r  th e  same fu n c t io n . F o u r p i l l a r s  
w ere a tta c h e d , one a t  e ach  c o m e r, to  t lie  re a d in g  s u rfa c e  
and th e s e  su p p o rte d  two g u id e  r a i l s  ru n n in g  p a r a l le l  to  th e  
x - a x is  o f  th e  re c o rd  and two b a rs  p a r a lle l  to  th e  y - a x is ,  
w h ich  s e w e d  to  im p a rt r i g i d i t y  to  th e  s t r u c t u r e .  A c a r r ia g e  
was d e sig n e d  h a v in g  b e a rin g  s u rfa c e s  a t  each  end w h ich  r a il 
a lo n g  th e  x - a x is  g u id e  r a i l s , and t lie  two b e a rin g  s u rfa c e s  
in  t u rn  w ere f ix e d  to  a f u r t h e r  ‘two g u id e  r a i l s  w h ich  ra n  
p a r a l le l  to  th e  y - a x is  and c a r r ie d  a d e v ic e  c o n s is t in g  o f  
a p o in t e r  and a w ip e r. P o te n tio m e te r s l id e  w ir e s  w ere s tru n g  
a lo n g  th e  two a xe s and w ere co n n e cte d  in  p a r a l le l  to  a 
s t a b iliz e d  pow er s u p p ly . The w ip e rs  th u s p ic k e d  up a v o lt a g e  
as e a d i moved down i t s  c o rre s p o n d in g  s l id e  w ire  w h ic h  was 
r e la t e d  in  l in e a r  m anner to  th e  p o s it io n  o f  th e  p o in t e r  
r e la t iv e  to  t lie  two a x e s , p ro v id e d  th a t  th e  p o t e n t ia l, d ro p  
p e r u n it  le n g th  o f  s l id e  w ire  was c o n s ta n t. The ' l i n e a r i t y 1
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was ch e cked  a g a in s t  a g ra d u a te d  s c a le  and th e  r e s u lt s  a re  
p re s e n te d  in  g r a p h ic a l form  in  f ig u r e  (1 7 )  from  M iic li- . it  * 
may: be se e n  th a t  th e  r e s o lu t io n  o f  th e. d e v ic e  .was o f  th e  
o rd e r o f  0 .1  mm. A ch e ck  wfp  a ls o  made o f  th e  s t a b i l i t y  •. 
o f  th e  system  b y o b s e rv in g -th e  d r i f t  on th e  .in s tru m e n t y  
o v e r a p e r io d  o f  s e v e r a l h o u rs . The r e s u lt s  o f  t h is  t e s t  
a re  shown in  f ig u r e  (1 8 ) w h ich  showed th a t  a f t e r  a llo w in g  
f o r  a ii • i i i i t i a l  ’w a rn in g  up ’ ? p e r io d  o f  about;; ah' hovfr',1''-the'' 
ysystb m -V as s t a b le  o ver, p e rio d s  o f  s e v e r a l h o u rs . ; T h is  
was s u f f ic ie n t  to  p e rm it, th e  s e r ie s  o f  t ra c e s  r e la t in g  ; 
to  th e  e n e rg y  c a lib r a t io n s  b e tw e e n {th e  s t a r t  and e n d .o f  , 
a f ir in g ;  s e s s io n  to  be an a ly se d , .w it h in  t h is  tim e p e r io d , f  
I t  i s  o f  in t e r e s t  to  n o te  t h a t  H ie - s t a b i l it y  .c u rv e  : 
-o b se rv e d  fo r- th e  w o rs t c a se  c o n d it io n  in  f ig u r e  (1 8 ) was 
t y p ic a l o f  w hat was O fte n  se e n  im m e d ia te ly  p r io r  to  a 
; b re a k a g e  o r  f a u lt  d e v e lo p in g  in  th e  s lid e  w ir e . O fte n  
t lie  w ire  f o r  no a p p a re n t re a s o n  lo s t  a l l  i t s  te n s io n  and 
e v id e n t ly  h ad  become p l a s t ic ,  d e s p ite  c a re  b e in g  ta k e n  
n o t to  exceed, i t s  e la s t ic  l im it .  A p e r io d ic  .check.w as •- 
t lie r e f o r e  made in  o rd e r to  p r e d ic t  when t h is  o c c u rre n c e  
was l i k e l y  to  happen and b y r e p l a c in g  th e  w ire  a t  t h is  
s ta g e .{it w a s  p o s s ib le  to  a v o id  t h is  f a u lt  o c c u r r in g  in  
th e  m id d le  o f  an a n a ly s is .
The v o lta g e s  d evelo ped, a c ro s s  th e  x /  apd yv axes 
w ere re c o rd e d  a u t o m a t ic a lly  in  th e  f o llo w in g  m anner.. Each 
a x is  d is p la y e d  e it h e r  s in g ly  o r  a lt e r n a t e ly  on a d i g it a l
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v o ltm e te r. The re a d in g  on th e , d ig it a l  v o ltm e te r was 
encoded by a s e r i a l iz e r  u n it  and re c o rd e d  on punched 
p a p e r ta p e  th ro u g h  a  d r iv e  u n it  co n n e cted  to  a h ig h  
sp eed  punch* When th e  w o rk i n i t i a l l y  s t a r t e d , i t  was . 
e n v isa g e d  th a t  an E l l i o t  503 com puter w o u ld  be u se d  
f o r  a l l  th e  d a ta  p ro c e s s in g  and c o n s e q u e n tly  th e  
s e r i a l iz e r  was w ire d  up f o r  t lie  a p p ro p ria te  code* 
H ow ever, a t  a la t e r  d a te  an I  CL- 1905,F m achine was 
p u rc h a se d  and as a r e s u lt  t lie  p a p e r tap e  code 
became • in c o m p a tib le . To overcom e t h is  d i f f i c u l t y ,  
a  p ro ce d u re  was in c o rp o ra te d  in t o  th e .co m p u te r 
programme to  c o n v e rt th e  d a ta  in t o  m achine co d e .
The re a d in g  o f  th e  e n la rg e d  t ra c e s  on p a p e r . 
f e l l  in t o  th re e  s t a g e s . F i r s t l y ,  a w a v e le n g th  
c a lib r a t io n  was p e rfo rm e d . T h is  c o n s is t e d  o f  p la c in g  
one o f  th e  s p e c t ra  o b ta in e d  f o r  t lie  s e r ie s  o f  d is c h a rg e  
tu b e s on' t lie  re a d in g  t a b le ,  re c o rd in g  th e  d is t a n c e  
betw een t lie  two w a v e le n g th  m arke rs a lo n g  th e  x  a x is  
and th e n  re c o rd in g  th e  p o s it io n s  o f  th e  s p e c t r a l l in e s ,  
a g a in  in  th e  x  a x is . T h is  i s  shown s c h e m a t ic a lly  in  
f ig u r e  (1 9 a ). S e c o n d ly , an e n e rg y  c a lib r a t io n  was 
p e rfo rm e d . H ie  d is t a n c e  betw een H ie  w a v e le n g th  m arke rs 
a lo n g  th e  x  a x is  was re c o rd e d , fo llo w e d  b y th e  le v e l 
o f  H ie  1 d a r k - c u r r e n t ' on th e  y  a x is ,  and f i n a l l y  a 
s e r ie s  o f  x  and y  v a lu e s  f o llo w in g  H ie  c u rv e . A 
sc h e m a tic  d iag ram  o f  an e n e rg y  c a lib r a t io n  t r a c e  i s
g iv e n  in ' f ig u r e  (1 9 b ). T h ir d ly ,  th e  s e r ie s  o f  t ra c e s  
o b ta in e d  from  th e  f i r i n g  o f  th e  f la r e s  r e la t e d  to  th e  
w a v e le n g th  and e n e rg y  c a lib r a t io n s  fo rm e rly  c a r r ie d  
o u t w ere a n a ly s e d  in  a s im ila r  fa s h io n  to  th e  e n e rg y  
c a lib r a t io n ,  e x c e p t th a t  in  th e s e  c a s e s  th e  t ra c e s  
w ere n o t g e n e r a lly  sm ooth c o n tin u o u s fu n c t io n s  o f  
w a v e le n g th  b u t had  su p e rim p o se d  a d s o rp tio n  lin e s  and 
e m is s io n  lin e s  and th u s re q u ir e d  more d e t a ile d  
a n a ly s is .
' The m ost common p r a c t ic e  th ro u g h o u t th e  p e r io d  in  - 
w h ich  t lie  w ork was c a r r ie d  o u t was to  assem b le a l l  th e  
d a te  f o r  one d a y 's  f i r i n g  on p a p e r ta p e  in t o  a- 'm a ste r 
t a p e '. The d a ta  had f i r s t l y  to  be v e r if ie d  th a t  t lie  
p u n c h in g  syste m  was o p e ra t in g  c o r r e c t ly  by ru n n in g  th e 
.tapes th ro u g h  a t e le p r in t e r  w h ich  perform ed, an a u to m a tic  
ch e ck  on th e  p a r it y .  A t .t h e  same tim e , a d d it io n a l 
in fo rm a tio n  was in s e r t e d  on t lie  ta p e  su c h  a s th e  w a v e le n g th s 
o f  t lie  s p e c t r a l l in e s  f o r  th o se  c a lib r a t io n s ,  lcey num bers 
su ch  as 99999 b y w h ich  t lie  com puter programme c o u ld  
■ re co g n ise  changes in  th e  p ro c e s s in g  fu n c t io n s  i t  had to  
c a r r y  o u t , and h e a d e r d e t a ils  re g a rd in g  th e  ty p e s o f  f la r e  
b u rn t , t h e ir  m ass, le n g th  and b u rn in g  tim e . A ls o  th e  
o p e ra to r k e p t a  c lo s e  w atch  on th e  way th e  num bers w ere 
ru n n in g , and w ith  e x p e rie n c e  i t  was p o s s ib le  to  n o t ic e  
1 d o u b t fu l' c a s e s .
(a )
A -
F ig u re  (1 9 ) S ch e m a tic D iagram  o f  e n la rg e d  t ra c e s
(a ) shows w a v e le n g th  c a lib r a t io n  t r a c e s
(b ) shows e n e rg y  c a lib r a t io n  t ra c e
(c )  shows a . t y p ic a l t r a c e  from  a. f la r e  ( in  t h is  c a se  
a Mg/NaNO^ c o m p o s itio n )
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The a n a ly s is , o f  th e  re c o rd s  and th e  su b se q u e n t assem b ly 
o f  the. m a ste r .tapes was a la r g e  t a s k  w h ich  r e s u lt e d  in  t lie  
e x p e n d itu re  o f  one m an -year o f  e f f o r t . I t  i s  o f  in t e r e s t  to  
n o te  th a t  a p p ro x im a te ly  1 .6  x  10^ d a ta  p o in t s  w ere ta k e n  and 
in  th e  a sse m b ly o f  t lie  m a ste r ta p e s f iv e  m ile s  o f  ta p e  w ere 
u se d . H ie  f in a l  p r in t - o u t  o f  th e  d a ta  o c c u p ie d  a h a lf - m ile  •
le n g th ; o f ' s ta n d a rd  l in e - p r ih t e r  p a p e r .
A d e t a ile d  d is c u s s io n  on th e  a c c u ra c y  o f  H ie  d a ta  e x t r a c t io n  
syste m  w i l l  be l e f t  u n t i l  s e c t io n  (5 ) in  w h ich  th e  t o t a l sy ste m  . 
a c c u ra c y  i s  d is c u s s e d . ; • • . :-
5. THE EXPERIMENTAL ACCURACY OF THE. RESULTS
In  t h is  s e c t io n  th e  o v e r a ll  e x p e rim e n ta l a c c u ra c y  o f  t lie  
m easurem ent p ro c e s s  w i l l  be d is c u s s e d . As w i l l  be shown la t e r ,  
th e  m a jo r s o u rc e s  o f  e r r o r  o c c u r fro m  th e  u se  o f  th e  o s c illo s c o p e  
and cam era as th e  re c o rd in g  medium atid in  th e  m easurem ent o f  th e  
e n la rg e d , t r a c e s . Some o b s e rv a t io n s  a re  made re g a rd in g  th e  p o s s i­
b i l i t y  o f  re d u c in g  th e s e  m a jo r .e r r o r s  f o r  fu t u r e  w o rk .
5 .1  The S u b sta n d a rd  Lamp
The a c c u ra c y  o f  th e  d e te rm in a tio n  o f  t lie  s p e c t r a l pow er 
d is t r ib u t io n  o f  th e  e n e rg y  r a d ia t e d  b y th e  s ta n d a rd  lam p has 
been p r e v io u s ly  d is c u s s e d  in  d e t a il  b y  Hayw ard e t  a l ( 2 ) .
T h is  h a s been e stim a te d  to  be +_ 2%.
5 .2  The M agnesium  O xid e  S c re e n  .
T h e re  w ere two p o s s ib le  s o u rc e s  o f  e r r o r  a r is in g  from  th e  
u se  o f  t lie  m agnesium  o x id e  s c re e n . F i r s t l y ,  th e  s c re e n  may n o t 
a c t  as a p e r f e c t  d if f u s e  r e f le c t o r  i . e .  i t  e x h ib it s  a  n o n - 
L a m b e rtia n  c h a r a c t e r is t ic .  S e c o n d ly , i t  can  im p a rt a d e g re e  o f  
p o la r iz a t io n  to  th e  l ig h t  re -e m itte d  from  i t s  s u r f a c e . F ig u re
(2 0 ) shows m easurem ents made on m agnesium  o x id e  to  t e s t  th e se  
two c h a r a c t e r is t ic s .  F o r a p e r f e c t  d if f u s e r ,  th e  b id ir e c t io n a l 
r e f le c t a n c e  p e r s t e r a d ia n  s h o u ld  have a c o n s ta n t v a lu e  o f  / 2 tt 
o r  0 .1 5 9  f o r  a l l  r e f le c t io n  a n g le s . I t  may be se e n  th a t  a 
m agnesium  o x id e  s u r fa c e  a g re e s f a i r l y  w e ll w it h  t h is  c r it e r io n
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e x ce p t f o r  h ig h  r e f le c t io n  a n g le s . The a n g le  o f  in c id e n c e  
in  t h is  e x p e rim e n t was 4 5° n o rm a lly  and th e  sp re a d  in  't liis  
a n g le  due to  th e  f i n i t e  s iz e  o f  th e  f la r e  s o u rc e  was f  2%.
The r e f le c t io n  a n g le  was 4 5° a ls o .  Thus th e  b i- d ir e c t io n a l 
re f le c t a n c e  as d e te rm in e d  from  f ig u r e  (2 0 ) was 0 .1 8 7 5  +_ 0 .0 0 2 5 . 
S in c e  th e  pow er fro m 'th e  f la r e  s o u rc e  was d ir e c t ly  com pared 
w ith  th a t  fro m  th e  s ta n d a rd  lam p , w h ich  b e in g  s m a lle r  in  s iz e  
gave an in f in it e s im a l s p re a d  in  r e f le c t io n  a n g le , t lie  e r r o r  
in c u r r e d  th ro u g h  t h is  s o u rc e  was ab o ut 1 %.
I t  may a ls o  be se e n  from  f ig u r e  (2 0 ) th a t  th e  p e rc e n ta g e  
p o la r iz a t io n  o f  th e  r e f le c t e d  pow er f o r  th e  geom etry u se d  
h e re  i s  2 0 1 . T h is  h as an e f f e c t  ow ing to  th e  f a c t  t h a t  th e  
s e n s it iv i t ie s  o f' th e  p h o t o m u lt ip lie r s  u se d  in  t h is  s tu d y  w ere 
fu n c t io n s  o f  th e  d e g ree  o f  p o la r iz a t io n  o f  th e  pow er in c id e n t  
upon t h e ir  p h o to ca tlio d .e s. A c c o rd in g  to  th e m a n u fa c tu re r's  
l i t e r a t u r e ,  th e  e r r o r  in c u r r e d  from  t h is  s o u rc e  was l i k e l y  to  be 
o f  t lie  o rd e r o f  \  -  1%.
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IS
) .3  Anode Load R e s is ta n c e ’ a n d 'D .C . A m p lif ie r  , ... - ' ‘‘F F v
: The l i n e a r it y  o f  : th e se  d e v ic e s  was te s te d  in  th e  
 ^ f o llo w in g  m anner. The w a v e le n g th  o f  th e  m onochrom ator was .
;,. s e t  a t about 500 nm w here th e  p h o t o m u lt ip lie r  •s e n s it iv i t y  • ' i f  -
was h ig h , and a tu n g ste n  lam p p la c e d  in  f r o n t  o f  th e  e n tra n c e ' .
7: s l i t s  o f  t lie  m onochrom ator. The s ig n a l from  th e  D .C . a m p lif ie r  y  
w as re c o rd e d  f o r  d if f e r e n t  s e t t in g s  o f  th e axip l i f  i e r  g a in  and / d y  * 
anode lo a d  r e s is t a n c e ,  and a re  p re s e n te d  g r a p h ic a lly  in  bm bfey'
f ig u r e  ( 2 1 ) .  I t  can  be s e e n /t h a t  th e ’ syste m  became n o n - lin e a r  v .
f o r  o u tp u t v o lta g e s  o f  ab o ut .5 v o lt s  arid abo ve. A c c o rd in g  to  
th e  m a n u fa c tu re rs  handbook on th e  a m p lif ie r  th e  l in e a r it y  • • d
s h o u ld  have h e ld  up to  10 v o lt s ;-  h o w ever, s in c e  i t  was M ow n t h a t 1'"
. t lie  p h o t o m u lt ip lie r  s h o u ld  have o p e ra te d  l in e a r ly  a t  an anode . 
c u rre n t  a p p ro a c h in g  0 .1  mA, w h ereas a t  th e  b re a k  o f f  p o in t  I  
ab o ut 4 yA was b e in g  d raw n , i t  was a s c rib e d  to  th e  D .C . •' F ;F ?F
a m p lif ie r .
/  T hro u gho ut tlie  s e r ie s  o f  m easurem ents p a r t ic u la r  a t t e n t io n  
. was g iv e n  to  e n su re  th a t  v o lt a g e s  in  e x c e s s  o f  5 v o lt s  w ere F ;f-fb
n o t ;b e in g  d e v e lo p e d  a c ro s s  t lie  o u tp u t o f  t lie  D .C . a m p lif ie r .  :
T h u s, th e  e r r o r  from  t h is : s o u rc e  was deemed to  be m in im a l. 1
5 .4  The’ O s c illo s c o p e  and F ilm  , F. . - y
A c c o rd in g  to  t lie  l i t e r a t u r e  a v a ila b le  on th e  T e k tro n ix  . F.
io s c illo s c o p e , i t  was a c c u ra te  to  ab o ut 1%. T h a t i s ,  th e  
; d e f le c t io n  f o r  a g iv e n  v o lt a g e  s ig n a l w o u ld  be l in e a r  to
about 1%. H ow ever, th e  s p o t s iz e  to  d e f le c t io n  r a t io  was FF;
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p o o r so  th a t  th e  a c c u ra c y  w ith  w h ich  a d e f le c t io n  c o u ld  
be re c o rd e d  was w o rse  a t  th e  two extrem es o f  t lie  t ra c e  
• w h ich  c o rre sp o n d e d  to  th e  ends o f  th e  spectrum , w here 
th e re  was l i t t l e  o r  no s ig n a l.  I t  is - e s t im a t e d  th a t  o v e r 
th e  ran g e  o f  th e  sp e ctru m  i t  was o f  th e  o rd e r o f  5%.
I i i  re s p e c t  o f  t lie  f ilm  re c o rd in g  medium th e  g re a t e s t
e r r o r s  w ere l i k e l y  to  o c c u r in  tlie  lo n g it u d in a l a x is  due 
■ •' \ 
to  chan ges in  th e  f i lm  t r a n s p o r t  v e lo c it y ,  and changes in
d im e n sio n s due to  th e  d evelo pm ent p ro c e s s . T hese w ere
'c o rre c te d  f o r  to  some e x te n t b y  th e  d a ta  a n a ly s is  p ro c e s s  and
a re  d is c u s s e d  in  th e  s u b -s e c t io n  on w a v e le n g th  a c c u ra c y
below 7. The e r r o r  in c u r r e d  in  th e  t ra n s v e rs e  o r  y  a x is  was
d e te rm in e d  b y r e p e t it iv e  m easurem ents a t  one w a v e le n g th
upon t lie  s p e c t ra  o b ta in e d  from  a s ta n d a rd  lam p ru n  a t  a
c o n s ta n t c u r r e n t . From  th e se  m easurem ents i t  was in f e r r e d
th a t  th e  re p ro d u c e a b .il i t y  o f  th e  r e s u lt  was about 3% i . e .
th e  s ta n d a rd  d e v ia t io n  w7as 3% o f  th e  mean r e s u lt .
5 .5  The E n larg em en t, and M easurem ent P ro c e s s  - *
As m en tion ed  in  s e c t io n  ( 2 . 7 ) ,  t lie  l i n e a r it y  o f  th e  
e n larg e m en t p ro c e s s  was ch e ck e d  b y  th e  u se  o f  g r id  lin e s  
and fo u n d  to  be a c c u ra te  to  1% p ro v id e d  th a t  a lim it e d  
a n g u la r f i e l d  o f  v ie w  was u se d . I t  was fo u n d  in  p r a c t ic e  
th a t  th e  s iz e  o f  th e  im age c o u ld  be k e p t w it h in  th e se  
l im it s  i f  ju s t  one f i lm  t r a n s p o r t  v e lo c it y  was s e le c t e d .
I t  s h o u ld  be n o te d  t h a t  t h is  had an e f f e c t  upon th e  
s e t t in g s  o f  th e  b r i l l i a n c e  c o n t r o l on th e  o s c illo s c o p e
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and hence on th e  q u a lit y  . o f  th e  im age re c o rd e d  on th e  
f ilm .
H ie  r e p r o d u c e a b ilit y  o f  th e  m easurem ent p ro c e s s  was 
d e te rm in e d  b y  c a r r y in g  o u t a t e s t  c o n s is t in g  o f  re p e a /te d ly  • 
s e t t in g  th e  p o in t e r  upon a s e r ie s  o f  p o in ts  a lo n g  a g ra d u a te d  
s c a le .  M ien t h is  t e s t  was f i r s t  c a r r ie d  o u t t h is  was fo u n d  to  
be o f  th e  o rd e r o f  1 o r  21 o v e r a t y p ic a l d is t a n c e  o f  s a y  10 cm. 
T h is  was e x p e c te d  s in c e  i t  was o f  th e  o rd e r o f  th e  r e s o lu t io n  ■ 
o f  th e eq u ip m en t. H ow ever, th e  t e s t  was re p e a te d  a t  t lie  end 
o f  a d a y , d u rin g  w h ich  many s e r ie s  o f  t ra c e s  h ad  been a n a ly s e d . 
I t  became e v id e n t th a t  o p e ra to r f a t ig u e  p la y e d  an im p o rta n t ■. 
p a r t  in  th e  a c c u ra c y  o f  th e  m easurem ent s in c e  th e  re p e a t o f  t lie  
t e s t  re v e a le d  a s ta n d a rd  d e v ia t io n  o f  5%. ' • ’ . \  . -
5 .6  The W avelen gth C a lib r a t io n
In  f ig u r e  (2 2 ) th e  r e s u lt s  o f  two w a v e le n g th  c a lib r a t io n s  
a re  p lo t t e d . H ie  s e t t in g s  o f  th e  w a v e le n g th  drum  and m icro m e te r 
on th e  m onochrom ator w ere t lie  same on b o th  o c c a s io n s  on w h ich  
t lie  c a lib r a t io n s  w ere m ade, and s e v e r a l ty p e s o f  d is c h a rg e  tube 
w ere u se d . H ie  d i g it a l  v o ltm e te r re a d in g s  w ere c o rre c te d  to  a 
s ta n d a rd  d is t a n c e  betw een th e  w a v e le n g th  m arke rs in  t lie  m anner 
m en tion ed in  s e c t io n  ( 2 . 7 ) .  A p a rt from  two p o in t s  a t  5 8 9 .0  nm 
(Na 1Df l in e s )  and 5 8 0 .4  nm (N e) a t  no w a v e le n g th  does th e  
d is c re p a n c y  betw een th e  two c a lib r a t io n s  e xce e d  ab o u t 2 nm. A t 
th e se  two p o in t s  th e  r e s u lt s  o f  th e  two c a lib r a t io n s  ag re e  
c lo s e ly  an d , t lie  r e f o r e ,  i t  was su rm ise d  th a t  t h is  may be due
to  t lie  f a c t ..t h a t  th e  d is t a n c e  betw een th e  s p e c t r a l lin e s  
does n o t fo llo w  a C auchy ty p e  d is p e r s io n  fo rm u la . T h is  
p re m ise  was c o n firm e d  b y p lo t t in g  th e  d is t a n c e  a g a in s t  
th e  sq u a re  o f  th e  w a v e le n g th  when i t  was fo u n d  th a t  
tlie . p o in t s  d id  n o t f a l l  upon a s t r a ig h t  l in e .  I t  was 
th o u g h t th a t  t h is  may be due to  th e  sweep o s c i l la t o r  
n o t p ro d u c in g  an e x a c t s in u s o id a l w aveform . As a r e s u lt ,  
and i t  w i l l  be n o te d  a t  a la t e r  s ta g e , i t  was fo u n d  th a t  
th e  o rd e r o f  th e  b e s t  f i t  o f  ’d ie  le a s t  s q u a re s  f i t  to  th e 
w a v e le n g th  c a lib r a t io n  d a ta  was o fte n  s ic t h  o rd e r o r  
ab o ve. I t  was a ls o  fo u n d .'b y  th e  id e n t if ic a t io n  o f  c e r t a in  
l in e s  o b se rv e d  in  t lie  s p e c t r a  O f th e  f la r e s  th a t  d ie  
w a v e le n g th  a c c u ra c y  was good to  _+ 2 nm th ro u g h o u t m ost 
o f  t lie  s p e c t r a l ra n g e . A lth o u g h  i t  d id  become w o rse  in  
th e  extrem e re d  re g io n  w here th e  d is p e r s io n  o f  t lie  p ris m  i s  
le s s .
The a c c u ra c y  o f  th e  w a v e le n g th  c a lib r a t io n  had a 
co n co m ita n t e f f e c t  upon th e  a c c u ra c y  o f  th e  e n e rg y  
c a lib r a t io n  s in c e  th e  s p e c t r a l pow er d is t r ib u t io n  o f  th e  
fla m e s w ere c a lc u la t e d  u s in g  a co m p a ra tiv e  te c h n iq u e  b a se d  
upon t lie  o u tp u t from  a  s ta n d a rd  lam p. G ive n  t h is  w a v e le n g th  
a c c u ra c y , th e  e n e rg y  from  th e  s ta n d a rd  lam p was known to  
abo ut _+ 4 i  a t  550 ran. The a c c u ra c y  im p ro ves w ith  in c r e a s in g  
w avelen gth , as may be se e n  from  t lie  f o llo w in g  c o n s id e r a t io n . 
In  th e  v i s ib l e  re g io n  o f  d ie  sp e ctru m  th e  s p e c t r a l pow er 
d is t r ib u t io n  from  th e  s ta n d a rd  lam p may be re p re s e n te d
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q u ite : w e ll b y  W ien d is t r ib u t io n  i . e .
; .v y  2 • • JdA -  c C.^  A  ^ <exp (-C ^ /A T jd A
; .where ft A = 500 nm, T ~ 2540°K  (H ie  c o lo u r  te m p e ra tu re  o f  H ie  /lam p)
and dA =. 2 nm, C2 = 1 .4 3 8  x  1 0 7nm °K . / ■ ; ■
5 . 7 . The R .M .S . A c c u ra c y  ft
From, th e  above c o n s id e ra tio n s :* :it  has been e stim a te d  th a t  
th e  R .M .S . a c c u ra c y  o f  th e  e n e rg y  d e te rm in a tio n  was com posed 
o f  th e  f o llo w in g  com ponents. 5 ’ -•■ \7
1 . S p e c t r a l pow er d e te rm in a tio n , o f  lam p -ft v-\ 2%
‘ 2 . E f f e c t  o f  b i- d ir e c t io n a l r e f le c t a n c e  o f  s c re e n  1% ,
3 . E f f e c t  o f  p o la r iz e d  l ig h t  on p h o t o m u lt ip lie r . 1% ft
4 . Changes in  D im en sio n s o f  f ilm  3%
5 . E f f e c t  o f  s p o t s iz e /d e f le c t io n  r a t io  o f  o s c illo s c o p e  • 5 |
6 . N o n - lin e a r it ie s  in  f ilm  e n la rg e m e n t 1 1
7 . A c c u ra c y  o f  t ra c e  re a d e r ft- . ' 'ft; ‘ 5%
8 . E f f e c t  o f  w avelen g M i a c c u ra c y  4%
. -T h u s R .M .S . a c c u ra c y  "  /8 3  ~ 9%.
• - In  s e c t io n  ( 3 . 1 )  th e  m ethod b y w h ich  th e  s p e c t r a l
pow er d is t r ib u t io n  o f  an uiiloiow n s o u rc e  may be d e te rm in e d  ' ■
u s in g  a s e q u e n t ia l co m p a ra tiv e  te c h n iq u e  w ith  a p r e c is e ly  y y
d e te rm in e d  s ta n d a rd , h a s been d is c u s s e d . The .developm ent o f y k y y  y /p  ' 
th e  com puter programme to  p e rfo rm  t h is  c a lc u la t io n  and a ls o  / f -• - 
to  e v a lu a te  th e  d ir o m a t ic if y  c o -o rd in a t e s  and. p h o to m e tric  * 3 +  '
in t e n s it y  w i l l  be d e s c rib e d  b e lo w  .in  th e  form  o f  flo w  yd c h a rt s  *. •yy 
The co m p lete programme i s  g iv e n  y in  th e  form  o f  an a p p e n d ix  -. S. .
at. th e  b a ck  o f  t h is  t h e s is  (A p p e n d ix  1 ) . -1 r ! ’. - - ' i  * M y. "A- - y
B e fo re  in te ro d u c in g  th e  flo w  c h a rt s  i t  i s  u s e f u l to  make 
th e ;-fo llo w in g  o b s e r v a t i o n s ■ ’ ;:y ; 1 , y  y y
• F i r s t l y ,  no a tm o sp h e ric  a b s o rp tio n  c o r r e c t io n s  w ere made 
to  t lie  o b se rv e d  s p e c t r a l pow er d is t r ib u t io n s ; s in c e th e  o p t ic a l- . *' A ‘ 
p a th  betw een t lie  f la r e  and th e  p h o t o m u lt ip lie r  d e te c to r, was 
e x tre m e ly  s h o rt  . The c o n firm a tio n  o f  t lie  c o rre c tn e s s  o f  t h is ,  y. 
p re m ise  may be se e n  f o r  th e  M g /P .T .F .H . s e r ie s  o f  c o m p o sitio n s 
.(th e  ty p e  880 s e r i e s ) ’ w h ic h  a re  known to  e m it s p e c t r a lly  a s ..vpyw. 
g reyb o d y r a d ia t o r s  in  th e  v i s ib l e  r e g io n , f o r  th e re , i s  an . / ' 5
ab sen ce o f  any a b s o rp tio n  bands in  th e  pow er d is t r ib u t io n s .,  l y  y k .
F o r th o se  o c c a s io n s  upon w h ich  th e se  s o u rc e s  a re  vie w e d  o ve r, y
lo n g  d is t a n c e s , th e  f o llo w in g  t a b le  o f  a b s o rp tio n  bands i s  : . yy 
l is t e d .  ‘ y y - y  -y • • ' y y h
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M ain ..A tm ospheric A b s o rp tio n  Bands in  t lie  v i s ib l e  and
Table 3
n e a r in f r a - r e d  w aveband
W avelen gth in  nm
9 5 4 .4  
9 5 2 .2
9 4 6 .1  
'9 4 5 . 9
9 4 4 .1
9 4 3 .8
942.8 
' / 9 4 2 .7
' . 9 3 8 .6
9 3 8 . 1  .
9 3 7 . 8
9 3 7 . 2
9 3 4 .4
9 1 5 .6
9 0 7 .2
9 0 1 . 7  
9 0 0 .4  
9 0 0 .0
8 9 9 .2
In t e n s it y
1 2
8
9
9
9
9
9
1 0
6
5
■ 5 
5 
1 0  
7
108 -
T r a n s is it io n .
*2 
2 , 0 , 1
- 0 , 0 , 0
(H 2°)
0 , 0 , 3
- 0 , 0 , 0
... - f t - - ft-v M i. ft * • ft •. ft' *•' .. ■,
--- ....
il.lV j i • -■■ i.
y y  y y y y m  { y.y :y {w  y : y ^ i •? - y: 7; y ■ -57 F'r
'A- n--. •.,• .* •.-• .: * <•.•:-> - ,•■•: ' V K i x y y b y -  ••bV:;vF'-FyFy-: " '
W avelen gth in  nm
8 2 8 .8
828.2
8 2 7 .4
8 2 5 .7
82 2 .8
8 2 2 .7
8 1 9 .8  
8 1 9 .3
8 1 8 .9
8 1 7 . 7
8 1 7 . 7
8 1 7 . 0
8 1 6 .5  
8 1 6 .2
8 1 6 .1
T r a n s it io n
1 0
1 0
1 0
8
1 0
(h 2°)
2 , 1 , 1
■"0,0,0
7 9 0 .1 (H 2°)
0 , 1 , 3  -  0 , 0 , 0
7 2 7 . 3
7 2 6 .6
7 2 0 .6
7 2 0 .4  
7 1 9 .2
7 1 8 . 7  
7 1 8 .6
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y  h» ’ , 7,.._a . .. „ .. t ; .... . ,* ..
(I-I20 )
3 , 0 , 1
- 0 , 0 , 0
Wave], e iig t li ' ih  ran In t e n s it y T r a n s it io n
: . 7 0 1 . 6  3
6 98 .9 . :: ■ ; 3
ft, 6 9 8 . 7  ft V  . : ■ 3 ' ( I-LO)
i 'a  6 9 7 . 7  , 3 : 1 , 0 , 3
■ ■ 6 9 6 . 1  ’ 4 . - 0 , 0 , 0
6 9 5 . 6  ft . * ; 4
' ; 6 9 4 . 4  ■ ■ 3 - * ft-
2
2 , ft ( H 20) ' •
2 3 , 1 , 1
2,.' ■ ' ■ - 0 , 0 , 0
2 f t . .  ’
■, 5 9 4 .1  \  - ; • ’ 5 •; ft ■
' 5 9 3 .2  5 . v
5 9 2 .4  ft*.' . ,.ft" *•’ 4 ' ft 'ft'";:
, 5 9 1 .9  7 ft (Mg0 )
ft 5 9 2 .0  , 7 6 4 , 0 , 1
5 9 1 .8  ft, ' f t .  4 - 0 , 0 , 0
■ 5 9 1 .4  ■ i •' ft 6
5 9 0 .1  - 7 . ft 6 *. ■ ft
5 9 0 .0  . • ; ■ 4 : = • y  yft :
58 9 .8  , Aft ftftftft 4
5 8 8 ,6  5
/ f t  -. 6 5 4 .4  '
■'v; y  6 5 3 .4  : 
• 6 5 1 . 7
• ft ft f t / 6 5 1 . 5:
7A 6 4 9 .6 7
; ' f-Yti"‘. V '’-'A • ;
W avelen gth in  nm " • In t e n s it y  T r a n s it io n  ..Y
, ' y * j, ' a ;; ; v , . **'■ t I V , ’ A ' ’ '
5 :Ay  5 7 3 . 8  , ‘ , 1 (H2p ) -« .
y ;y 5 7 2 . 0  1 ;  Y ? , 0 , 3 - 0 , 0 , 0
• - 569 .2 ■ 1 '
.■y
. ;A y  7 6 8 . 4  : 2 ,.,<A 1 , 1  (0 2) - V
• A-y'/AAA 7 5 9 .4  10 0 , 0  (0 2) A
V . . ‘A AA695.4 A. : 1 ' ;; 2 , 1  (0 £ ) A
' 6 8 6 . 7 -  ■ 8 ’ 1 , 0  ( 0 i ) ;' ' A ' A *
yy >, . 6 3 6 .0  1 3 , D  (0 2)  , - A
; ■: ! Y ' / \ 6 2 ? Y y  . . .  3 • • (C U  : . 7 3
■''■ ■ <y ” y.,;r'. ’•' ' • y A ; y ■ ■
1 ; 5 7 8 .8  ■ / . 1 . • y  3 , 0 .  ( 0 ? ) ■ •
VA .* • \'r' * ..f : *: . ’ A. V* ' v . It i
The c a lc u la t io n  o f  th e  C IE  c h ro m a fd e ity  c o -o rd in a t e s  
i s  d e s c rib e d  in  many t e x t  books on c o lo u r  s p e c if ic a t io n  
(s e e  f o r  exam ple Ju d d  . ( 8 ) )  . The c h ro m a t.ic ity  c o -o rd in a t e s  
o f  a c o lo u re d  s o u rc e  a re  d e riv e d  m a th e m a tic a lly  from  th e  
e q u a tio n s
. X
Y
k. X (A ) . J  ( a) dA
k  \  y  ( a)  . J  (A)dA (3 1 )
k z (A) .. J  (A) dA
° o
w here X , Y , Z are. known as th e  t r is t im u lu s  v a lu e s  o f  t lie  
s o u rc e  yb' - -  ■
. J  (A ) i s  th e  s p e c t r a l pow er d is t r ib u t io n  o f  th e  s o u rc e  
■x y  z a re  t lie  d is t r ib u t io n  c o e f f ic ie n t s  f o r  t lie  C IE
s ta n d a rd  o b s e rv e r . = : ■. * : .
k  i s  a n o rm a liz in g  f a c t o r  w h ich  i s  c o n v e n ie n tly  
ch o sen  to  be
lc « 1 0 0 / \  y  (A ) J  (A ) dA
o . b* ■ -
The c h ro m a t ic it y  c o -o rd in a t e s  o f  t lie  s o u rc e  a re  fo u n d  from  
th e  t r is t im u lu s  v a lu e s  s in c e  i •
x  = X /  X + Y + Z ;
y  ~ ; Y /  X + Y + Z
z = Z /  X + Y + Z
. . . ( 3 3 )
As a co n seq uence o f  t h is  d e f in it io n  i t  fo llo w s  th a t  
/ .  x  + y  +.:z = 1 . - . . . ( 3 4 )
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Thus i t  i s  p o s s ib le  to  re p re s e n t th e  c o lo u r  o f  a 
s o u rc e , w h ich  e s s e n t ia lly  h a s th re e  c o lo u r  d im e n s io n s, on 
a  tw o -d im e n sio n a l d iag ram . Tlie r e s u lt s  o f  th e s e  co m p u ta tio n s 
on tlie . f la r e s  a re  p re s e n te d  a t  a la t e r  sta g e  in  t h is  t h e s is  
and p e rm it a  judgem ent to  be made o f t h e ir  c o lo u r  p r o p e r t ie s  
w ith  re s p e c t  to  th e  C IE  s p e c if ic a t io n s  f o r  s ig n a l s o u rc e s  
and co m p ariso n s to  be made o f  t h e ir  p ro x im it y  to  th e  b la c k ­
body r a d ia t o r  lo c u s .
tThe v a lu e s  o f  th e  d is t r ib u t io n  c o e f f ic ie n t s  u se d  in  th e  
co m p u ta tio n  w ere th e  in t e r p o la t e d  v a lu e s  u se d  b y T a rra n t  (6 ) 
from  th e  1 9 31  2° C IE  S ta n d a rd  O b s e rv e r. These d a ta  w ere 
o b ta in e d  b y a B e s s e l in t e r p o la t io n  p ro ce d u re  a t  1 nm 
in t e r v a ls  to  th e  C IE  d a ta  w h ich  i s  g iv e n  a t  10 nm in t e r v a ls .
As th e  e q u a tio n s  (3 1 )  and (3 2 ) s ta n d  i t  i s  n o t p o s s ib le
to  o b ta in  th e  c h ro m a t ic it y  c o -o rd in a t e s  d ir e c t ly  from  th e se
d a ta  s in c e  i t  i s  im p lic it  th a t  th e  s p e c t r a l pow er d is t r ib u t io n
i s  know n-as a c o n tin u o u s fu n c t io n  o f  w a v e le n g th .-T h is  d i f f i c u l t y
, may be overcom e by m aking a. sum m ation o v e r tile ' ran g e' o f  t lie
in t e g r a t io n  o f  th e  p ro d u c ts  o f  th e  a ve ra g e  s p e c t r a l pow er and ’
th e  a ve ra g e  d is t r ib u t io n  c o e f f ic ie n t s  w it h in  a s m a ll b u t f i n i t e
w aveband AX c e n tre d  a t  th e  w a v e le n g th  X, th u s 
N j
X ~ lc / >  x  (A -)  J  (A.)AA . . .  (3 5 )
~  1 1
and s im ila r  e x p re s s io n s  a re  o b ta in e d  f o r  th e  Y and Z 
t r is t im u lu s  v a lu e s . N o rm a lly , t lie  sum m ations .a re  made w ith  
th e  in t e r v a ls  ta k e n  s e q u e n t ia lly  th ro ug h , th e  ran g e  o f  th e  
v i s ib l e  re sp o n se  (.380 nm to  760 n m ). H ow ever, th e  d a ta  
o b ta in e d  in  t h is  s tu d y  was o b ta in e d  a t  u n e q u al, in t e r v a ls
and so  t h is  a p p ro a ch  c o u ld  n o t be a d o p te d . The m ethod 
o f  c a lc u la t io n  was to  m u lt ip ly  each  o f  th e  v a lu e s  o f  
th e  s p e c t r a l pow er o b se rv e d  a t  w a v e le n g th  A • b y  th e  
in t e r p o la t e d  v a lu e s  o f  t lie  d is t r ib u t io n  c o e f f ic ie n t s ,  
w h ich  w ere o b ta in e d  b y p e rfo rm in g  a fo u r t h  pow er f i t  
upon th e  v a lu e s  a t  th e  f iv e  n e a re s t  w a v e le n g th s a t  w h ich  
th e  c o e f f ic ie n t s  w ere known. T lie  a ve ra g e  o f  th e s e  p ro d u c ts  
was th e n  form ed and m u lt ip lie d  b y th e  b an d w id th  o f  th e  
sum m ation. I t  may be se e n  t h a t  some b ia s  ca n  o c c u r in  
t h is  "type O f c a lc u la t io n  s in c e  t lie  d a ta  axe re c o rd e d  a t  u n e q u a l 
in t e r v a ls  and th e re  may be m ore v a lu e s  taken- in  p a r t ic u la r  
re g io n s  o f  t lie  sp e ctru m . F o r e xam p le, th e re  w i l l  be a 
p ro p e n s it y  to  re c o rd  m ore d a ta  p o in t s  in  th e  re d  re g io n  
o f  th e  sp e ctru m , s a y  600 -  700 nm, f o r  a. re d  s ig n a l f la r e  
s in c e  th e  m a jo r it y  o f  t lie  band e m iss io n s  o c c u r in  t h is  ra n g e . 
Thus th e  a ve ra g e  o f  th e  p ro d u c ts  form ed w o u ld  te n d  to  have 
a b ia s  to w ard s g iv in g  v a lu e s  o f  th e  x  and. y  c h ro m a t ic it y  
c o -o rd in a t e s  c lo s e r  to  th e  re d  p a r t  , o f  t lie  sp e ctru m  lo c u s  
th a n  w o u ld  be th e  c a se  h ad  e q u a l w a v e le n g th  in t e r v a ls  been 
ch o se n . To t e s t  t h is  h y p o t h e s is , and th u s t o :e v a lu a te  th e  
p o s s ib i l i t y  o f  s e r ie s  e r r o r s  o c c u r r in g , a c a lc u la t io n  was 
made b y ta k in g  v a lu e s  o f  t lie  s p e c t r a l pow er a t e q u a l 
in t e r v a ls  from  a g rap h  o f  th e  d is t r ib u t io n  arid a p p ly in g  
e q u a tio n  ( 3 1 ) .  I t  was fo u n d  t h a t  t lie  d if f e r e n c e  in  th e  
c h ro m a t ic it y  c o -o rd in a t e s  e v a lu a te d  b y th e  two m ethods 
-was o f  th e  o rd e r o f  201 f o r  a  re d  s ig n a l c o m p o s itio n , \  
abo ut 10% f o r  a g re e n  s ig n a l and betw een 5-10% f o r  an
illu in in a t in g  f l a r e . The d if f e r e n c e ,  a lth o u g h  s b rio u s ^  was v
c o n s id e re d  to  be a c c e p ta b le  f o r .ju d g in g  tre n d s  in  th e  f la r e  
p e rfo rm an ce  and a p p ro x im a te ly  s p e c if y ,th e  c o lo u r  o f  th e  s o u rc e , bb ' 
a lth o u g h  o b v io u s ly  i f  tim e w ere a v a ila b le  th e  com puting o f  th e  
r e s u lt s  b y th e  e q u i- in t e r v a l m ethod w o u ld  be m ore s a t i s f a c t o r y ; /
A il e s t im a tio n  o f  the, lu m in o u s in t e n s it y  o f  th e  f la r e s  was 
made u s in g  t lie  Y t r is t im u lu s  v a lu e  . s i n c e  th e  d is t r ib u t io n  
c o e f f ic ie n t s  u se d  in  t h is  c a lc u la t io n  have been so  ch o sen  th a t  
th e y  {re p re s e n t th e  p h o to p ic  re sp o n se  o f  th e  eye . .Thus th e. A b b  
lu m in o u s f lu x  e m itte d  {fro m .th e  s o u rc e  i s  g iv e n  b y ' -’ - by "
' - 1 . - . 1 poo . b  • • V"'' - * '
... v 1 = k \ : J  ( A )  y  ( A )  dx  ‘ . ' b y h b y •
“  ’ i n  iJ 0  >' • ' • • ( 3 6 )
b ‘ “  V X  J  c/ }  y  ( x f  x  ( xn  -  AP  . b : . / ; ' : /
H ere M  i s  th e  lu m in o u s e f f ic ie n c y  in  lum ens p e r w a tt o f  th e  rw -M  : 
m onochrom atic r a d ia t io n , a t  A = 555 nm c o rre s p o n d in g  to  th e  ' V . / F / b ;  
maximum v a lu e  o f  y  (A ) w h ic h  i s  a r b it r a r i l y  s e t  e q u a l to  u n it y .  ; •  
I t  s h o u ld  be n o te d  ’th a t th e  lu m in o u s f lu x  was d ir e c t ly  : b y . / y
c a lc u la b le  from  th e  s p e c t r a l pow er s in c e  t h is  w as e x p re s s e d  in  %  '■ 
term s o f  p e r u n it  s o lid  a n g le . The p h o to m e tric  o u tp u ts  w e re ,  
f o r  t lie  same re a so n s g iv e n  a b o ve , l i k e l y  to  be o f  th e  o rd e r o f  
5-10% to o  h ig h  f o r  th e  illu m in a t in g  c la s s  o f  c o m p o sitio n .
- 1 1 5 -  y
A s im p l i f ie d  flo w  s h e e t i s  g iv e n  below  o f  H ie  v 
com puter, programme w h ich  was u se d  to  c a lc u la t e  th e  
s p e c t r a l pow er d is t r ib u t io n s  o f  th e  f la r e s  from  th e  
raw  d a ta . A ls o , some g e n e ra l o b s e rv a tio n s  and exam ples 
e x tra c te d  from  th e  r e s u lt s  a re  g iv e n . A programme 
l i s t i n g  i s  g iv e n  as an a p p e n d ix  to  t h is  H ie  s is  (A p p e n d ix 1 )
D e fin e  p ro c e d u re s :
(1 )  IN IT IA L  READ 50 301
(2 ) READE
(3 )  EQUIPOLPLUS
| Read in  s p e c t r a l pow er d is t r ib u t io n s  
J o f  th e  3 s ta n d a rd  lam ps u se d , 
j ( 3 0 0 , 5 , 8 0 0 )  = 101 d a ta  b it s
Read in  d is t r ib u t io n  c o e f f ic ie n t s  f o r  
x ,  y ,  z  c h ro m a t ic it y  c o -o rd in a t e s  
1 50 3  d a ta  b it s
Read in  w a v e l e n g th  c a i ib r  a t  io n  d a ta_ _ _    ^   - —  • -■

no
1
f w a v e le n g th
| Worlc out power from flare at the
/
Y Y.
/
/  Has a l l  \
th e ' d a ta  been 
\  c a lc u la t e d  /
/
y e s
M u lt ip ly  s p e c t r a l pow er b y  d i s t r i ­
b u tio n  c o e f f ie ic n e t s  d e r iv e d  a t  each 
v a v e le n g th  b y  EQUIPOLPLUS
The r e s u lt s  o f  two le a s t  s q u a re s  f i t s  to  th e  
w a v e le n g th  c a lib r a t io n  d a ta  a re  p re s e n te d  in  t a b le  4 
A , B. The r e s u lt s  g iv e n  in  p a r t  4A c o rre sp o n d  to  d a ta  
o b ta in e d  u s in g  one d is c h a rg e  tu b e  as th e  w a v e le n g th  
s ta n d a rd , i . e .  ju s t  one s p e c t r a l s c a n , w h ils t  th o se  
g iv e n  in  p a r t  B c o rre s p o n d  to  t lie  u se  o f  s e v e r a l 
d is c h a rg e  tu b e s , i . e .  s e v e r a l s p e c t r a l sc a n s w ere 
u se d , c o rre c te d  to  a common s p a c in g  betw een th e
- 1.18 -
The m ost o b v io u s d if f e r e n c e  betw een th e  two r e s u lt s  
can  be se e n  in  t lie  s iz e s  o f  th e  r e s id u a ls  in  th e  two 
c a s e s .  I t  i s  th o u g h t th a t  th e  g re a t e r  s c a t t e r  in  th e  
r e s id u a ls  p re s e n te d  in  p a r t  B o c c u rre d  due to  s l ig h t  
d if f e r e n c e s  in  th e  re c o rd in g  and p ro c e s s in g  e f f e c t s  on 
th e  f ilm .  A se co n d  fe a t u r e  w h ich  can. cau se  e r r o r s  i s  
a s s o c ia t e d  w ith  th e  'd e a d ' s p o t id e a  p re s e n te d  
p r e v io u s ly .  I t  was se e n  t h a t  th e se  o c c u rre d  a t  
in t e r v a ls  o f  a p p ro x im a te ly  .15 nm th ro u g h  th e  sc a n  as 
th e  d is c h a rg e  tu b e  p a s s e s  th ro u g h  i t s  c y c le .  As a r e s u lt  
th e  m onochrom ator can  a t  c e r t a in  w a v e le n g th s be s c a n n in g  
th ro u g h  a s p e c t r a l l in e  w h ic h  may e it h e r  be g ro w in g  o r  
d e c a y in g  in  in t e n s it y ,  and t h is  may r e s u lt  in  a  s h i f t  in  
th e  w a v e le n g th  a t  w h ic h  t lie  p e ak re sp o n se , o c c u rs . The 
p ro c e s s  can  be im a g in e d  to  be one o f  c o n v o lu tio n  o f  th e  
s p e c t r a l l in e  sh ap e  w ith  a s in u s o id a l w aveform  w ith  a 
v a r ia b le  p h a s e •d if f e r e n c e  betw een th e  two f u n c t io n s . In  
p a r t  A , a D .C. d is c h a rg e  tu b e  was u se d  and so  no s h if t in g  
o f  th e  maximum o f  th e  s p e c t r a l l in e  o ccu rre d , and so  a 
b e t t e r  f i t  was o b ta in e d  g iv in g  v e ry  much s m a lle r  r e s id u a ls .
The t h ir d  fe a t u re  w h ic h  can  be se e n  in  th e se  r e s u lt s  
i s  th a t  th e  b e s t o rd e r o f  f i t  was g e n e r a lly  fo u rt h  o rd e r 
and som etim es t h ir d  o rd e r. T h is  can  be se e n  v e ry  c le a r ly  
in  t a b le  5 w h ic h  a ls o  g iv e s  th e  sums o f  th e  s q u a re s  o f  
th e  r e s id u a ls  o f  t lie  ch o sen  f i t ,  th e  p o s it io n  o f  th e  d a ta  
g iv in g  th e  w o rs t f i t  and th e  w a v e le n g th  c o rre s p o n d in g  to
wavelength markers and a composite picture obtained.
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t h is  p o s it io n  w h ich  was p r in t e d  in  la t e r  v e r s io n s  o f  
t lie  program m e. I t  i s  to  he e x p e c te d  th a t  th e  w o rs t , -A. A  ’A ;ftAA
,- w a v e le n g th  f i t  w ould, te n d  to  l i e  to w a rd s/ t lie  h ig h e r  A  Ab © 'ytftftA 7
w a v e le n g th s s in c e  th e  c u rv e  changes more /r a p id ly  in . , ; > 7ft ft
t h is  re g io n . I t  was a ls o  e x p e c te d  th a t  a  seco n d  o rd e r
f i t  w o u ld  h ave  been t lie  b e s t  f i t  to  t lie  d a ta  s in c e  a • . A  . 1
p rism  Was u se d  as th e  d is p e r s in g  medium, assum in g  : ft •: • ;ft,ft:‘ v vft
'th a t- 'th e  s in u s o id a l s ig n a l from  th e  sweep, o s c i l la t o r  " A'Aa / a A A A ...
e x a c t ly  fo llo w s  th e  * s in u s o id a l sweep th ro u g h -th e  w ave- A - 'A /ft/A v-'* ' 
le n g th  s c a n . The- f a c t  th a t  h ig h e r  o rd e r f i t s  in  t lie  le a s t-  ;-r- y A M  
sq u a re s  p ro c e d u re  b e t t e r  r e p r e s e n t  th e  w a v e le n g th  d a ta  ftftA-AA* 
i s  in d ic a t iv e  th a t  th e  m atch betw een th e  sweep and sc a n  y  - A--:- \ A y y  g 
i s  n o t  e x a c t ,  ' - A..- - , • • .' : - , ■- ,-y A  < y A  /  - A*- '
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Le as t  S q u a re s F i t  t o 'W avelen gth D ata 
P a rt  A. -  One D isc h a rg e  Tube
Table 4
Power 
o f  x
P o ly n o m ia l'
C o e f f ic ie n t s
D egree M a x .R e s id u a l P o s it io n Com p.of su m /sq u a re s
0 4 6 6 .3 8 0 0 0 1 1 2 .6 2 1 1 0 8 7 5 5 1 .5 2 2 0
0 6 3 3 .8 5 2 1 1 - 1 2 . 9 3 8 9 3: 3 3 3 7 1 .6 5 6 6
1 - 3 . 9 5 5 4
0 6 7 5 .9 3 5 9 2 - 1 . 7 6 0 4 2 4 1 5 . 7 2 8 1
1 “ 6 . 5 9 5 7 7
2
-
- 0 . 0 3 1 4 1 0 7
0 6 9 8.139 6 04 34 3 0 . 2 1 2 0 3 6 .6 0 2 2
1 - 8 .5 9 0 5 7 5 2 1
2 0 .0 8 0 5 7 9 0 6
3 - 0 .0 0 0 3 6 0 9 7
; A . • 
0 7 0 4 .1 7 6 1 0 8 4 2 4 0 .0 0 0 0 4 0 . 1 2 1 1
1 -9 .3 4 4 3 9 2 4 5
2 0 . 1 1 2 4 4 7 0 1
3 -0 .0 0 0 9 0 4 8 0 :
4,
*
0 .0 0 0 0 0 3 2 1
1
iii
•
"
.........................
R e s id u a ls
0 . 0 0 0 0 0
0 . 0 0 0 0 0
0 . 0 0 0 0 0
0 . 0 0 0 0 0
0 . 0 0 0 0 0
W avelen g th
5 7 9 .0
5 4 6 .1  
4 3 5 . 8
4 0 7 . 7
4 0 4 . 7
- 12,1 -
P a rt  B . -  M u lt ip le  'D is c h a rg e  Tubes
pow er
o f  X
P o ly n o m ia l
C o e f f ic ie n t s
D egree M ax. R e s id u a l P o s it io n C o m p .o f.su m / 
sq u a re s
! o
■
4 6 1 .4 5 6 3 0 3 1 8 .5 4 3 7 15 3 4 0 70 6 9 .9 3 0 7
!
° 6 5 1 .5 6 1 4 1 7 6 . 1 5 4 3 15 1 9 6 3 7 8 .8 9 9 2
; 1[
- 4 . 0 8 4 7 .
.
i
: 0 6 8 5.4 1 39 58 3 8 2 1 .8 2 5 6 7 ,, 12866.50,24
1 i -6 .9 4 3 6 4 2 0 4 •
, 2
1
0 . 0 3 4 1 8 8 7 7
•
'
0 685.30849402 3 2 .0 3 4 3 7 0 .3 9 8 8
1 -6 .9 6 0 7 1 9 9 6
! 2 0 .0 3 4 9 7 0 8 3
3
i
-0 .0 0 0 0 0 6 9 6
: '
\ o 684.99200576 4 2.20 20 7 0 . 2 1 7 3
; i  ; -6 .9 6 5 7 8 3 4 0
1 2, j 0 .0 3 6 4 3 3 3 5
3 i - 0 .0 0 0 0 4 2 7 1
4 ;
ti
0 .0 0 0 0 0 0 2 3
.
*
; .
Res id u a ls  W avelen g th
0 . 3 5 6
- 1 . 2 5 7
1 .5 6 9
•1.057
1 . 5 1 5
- 0 . 0 3 7
2 . 2 0 2
- 1 . 2 9 8
- 1 . 2 8 4
- 1 . 3 0 4
- 1 . 3 7 1
- 0 . 9 1 3
- 0 . 4 3 6
1 .0 4 8
- 0 . 2 1 9
, 0 . 3 7 3
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Table 5
O rd e r, o f  B e s t F it  to. M a ste r Tape Wav e le n g th  D ata i 'y
T ape Code,
I
! .
D egree o f  
b e s t  f i t
. Sums o f  S q u a re s y  W avelen g th  o f  s p e c t r a l A; 
l in e  w ith  w o r s t  f i t  A y  ■
! 2,86
j
4 . 1 5 .4 5 6 9 (1 0 ) A ■ , ,V* ’A,
47
i
; 4 1 5 8 6 ,4 2 5 1 . ; a  (7 )
267 : ! 3 9 . 5 6 0 2 , (6) A A., A '  A  ‘
• 297 4 2 1 .6 6 1 6 ■ m
i 3 17  , 3' 1 2 .4 6 6 3 (1 0 )
18 1  • A V ' A  ■ .. .. . 0 .0 0 0 0 (3 )
AAA . "  *z.
28
1
' 4 y A - 0 .0 4 4 6 (4) A Y  ' ' ’ ;
58 4
. ' •: ' .
105.9 859 - • • • (8) , A  v  ■
j. 68
: v
' 4- 
*
5 4 .3 1 0 9.. (2 1)
78 4 1 8 0 .4 6 1 3 (1 8 ) 6 4 3 .8
59 4 5 1 4 .0 3 8 9  A (24) 7 2 8 .1
69 4 4 0 0 .7 5 5 2 (4) 9 2 2 .5
99 4 50 4.166 6 (12 ) 922.5  . A; ;
179 /■ A  4 6 0 3 .2 4 3 2 (1 2 )  . A '
199 - 4 4 0 0 .4 3 5 2 ( 1 7 ) 9 2 2 .5
209 4 2 1 4.46 9 0
1
(2 2 ) 9 2 2 .5  :
249 4 •, , 3 5 5 .0 7 38 .
- -'Y
( 1 5 ) 7 8 0 .0  *
259 .A pa a * 4
i
! 1 1 4 .9 7 8 0 1 ( io )i
7 8 0 .0
16 10 y  •; -3 A 1 1 7 4 4 .9 2 4 7 c n )
2110 4. 4 3 .7 6 9 4 (2 0 )
!
■ A -v ' ,*
3010 . A 4 ‘ ! 1 4 7 .5 8 6 5 (8)
J
3 11 0  , a- A: 4 - 7 • 1 6 7 .0 0 9 6\
(9 ) ' 9 2 2 .5  A A
1211 3 A 6 14.8888 (2 0 ) ; 6 4 3 ,8  • ’ j
1 0 1 2A 4 A ‘ - i 3 3 3 .5 6 2 4 (1 9 ) 6 6 7 .8  y ; j
1 0 1 2B . 4 240.8996 ( 1 3 ) 9 2 2 . 5 ;  J -
7 .  ID EN TIFICATIO N  OF ATOMIC AND MOLECULAR SPECIES IN  PYROTECHNIC FLAME S '
7 .1  Magnes iiim /S o d iu m  N it r a t e  F la r e s  • \  ■ -... */*•
T h is  g ro u p  o f  p y ro te c h riic s  a re  t y p if ie d  by th e 'c o m p o sitio n s;, 
excunined in  t h is  r e p o r t ,  nam ely ty p e s 550 , 5 6 3 ,  568A, 578A, 568 , ' 
5 8 0 , . 580A, 580B and 592A. The s e t  o f  c o m p o s it io n s -o f t h is  c l a s s / ;  
re p re s e n t th e  ty p e  o f  f i l l i n g  m ost commonly e n co u n te re d  in /  . 
illu m in a t in g  f la r e s  and a re  th e  m ost { e f f ic ie n t  f la r e s ' y e t ; /  •
; d e v e lo p e d  in  term s o f  c a n d e la  s e c .  gm . I t  i s  in t e r e s t in g
to  n o te  th a t  up to  1923 sodium  n it r a t e  had n e v e r been co n sid e re d .'; 
f o r  u se  a s , an o x id a n t b e ca u se  o f  i t s  a lle g e d  h y g r o s c o p ic it y , b u t 
a t  t l ia t  tim e t lie  R e se a rc h  D epartm ent o f  th e  War O f f i c e  a t  .
W oolw ich showed th a t  in  f a c t  th e  s a lt  was "h o t p a r t ic u la r ly -  - /
h y g ro s c o p ic  p ro v id e d  th a t  s u it a b le  p re c a u tio n s  w ere e x e rc is e d  : 
in  th e  m a n u fa ctu re  o f  th e  f la r e s .
The p ro p o rt io n s  o f  th e  m a t e r ia ls  u se d  in  th e  above 
m en tion ed f la r e s  a re  g iv e n  w it h  each  S p e c tra l pow er d is t r ib u t io n  
and in  g e n e ra l m agnesium  is  p re s e n t a t  50-55% l e v e l s , sodium  . ,
n it r a t e  a t  40-45% le v e ls  a.nd a b in d e r , u s u a lly ;lit h o g r a p h ic  .
v a r n is h  o r a c a ro id  r e s in ,  a t  a p p ro x im a te ly  5%.{ R e ce n t A m erican  
fo rm u la tio n s  c o n ta in  a b in d e r  w ith  th e  .tra d e , nam e-Lam inae. T h e re  
a re  a numb e r  o f  s to  ich io m e  t r i e  form al, sit io n s  q uo ted  fo  r  t h is  ty p e  
o f  c o m p o s itio n . C a ck e t (9 ) l i s t s  two re a c t io n s  in  h is  m onograph:-
, ( i )  9 Mg +■ 2NaN03 -k  6MgO + Mg3N2 +  2NA + 1 8 3 k J
. ; ( i i )  F ( i i i  e x c e s s  a i r )  7 *. t
. ;'• b / ’ / /  -{ 9 Mg + 2NaN03 + 0 2 ->• 6MgO' + Mg3N2 + Na20 2 + 2121<J
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The s to x c h io m e tric k im ix tu re  in  t lie  seco n d  scheme th u s, 
c o n ta in s . 56% m agnesium . E l le r s  (1 0 ) q u o te s a c o m p o sitio n
A *  *  • ft ■“ ft • • ‘ . . ; • - . j „ * J ■' 7 >
■ c o n s is t in g  o f  52% m agnesium , 39% sodium  n it r a t e  and 9%
b in d e r. H am rick e t  a l  ( 1 1 )  h ave  in v e s t ig a t e d  t lie  fo rm a tio n  V 
o f  s p e c ie s  in  th e  flam e  plum e and plum e te m p e ra tu re  A /  A  - 
■A u s in g  a programme o r ig in a l ly  d e ve lo p e d  f o r  ro c k e t  e n g in e e rin g  
p u rp o s e s . Two o f  t h e ir  r e s u l t s ,  w h ich  a p p ro xim a te  to  th e  A '. 
c o n d itio n s , o b ta in in g  f o r  th e  f la r e  c a ta lo g u e  a re  re p ro d u c e d  
h e re  in  p a r t .  The f a llo w in g  p o in t s  s h o u ld  be n o te d  when ft 
; s e xam in in g  th.es e f ig u r e s :  th e  r e s u lt s  a re  e xp re sse d : f o r  aA A -,,,  
5 5 / 4 0 / 5  Mg/NaNO^ Lam inae- fo rm a tio n  and a 5 8 / 3 7  . 5 / 4  .5  
fo rm u la tio n  b u rn t in  an in e r t  atm osphere and: in  a i r  a t 
am bient te m p e ra tu re  r e s p e c t iv e ly . The p o s s ib i l it y  o f  th e  A  
fo rm a tio n  o f  M g^N ^.or o th e r p o s s ib le  c h e m ic a l s p e c ie s  seems 
A A t o  h ave  been e x c lu d e d  from  th e  r e s u lt s .  The e f f e c t  o f  
" d i f f e r e n c e ,  in  b in d e r  ( lit h o g r a p h ic  v a r n is h  and Lam inae) 
a ls o  c o u ld  h ave a s ig n if ic a n t  e f f e c t  on t lie  s p e c ie s  in  th e  
sy ste m . The .second p o in t  may have a r is e n  due to  a la c k  o f  
ft th erm o ch em ical d a ta . F o r e xam p le, t lie  JANAF therm o c h e m ica l 
T a b le s  l i s t  d a ta  f o r  o n ly  th e  monomagnesium m o n o n itrid e  . ' k 
The e x is t e n c e  o r o th e rw is e  o f  any n it r id e  o f  m agnesium  
can n o t be c o n firm e d  b y  s p e c t ro s c o p ic  o b s e rv a t io n  s ir ic e  
A* th e re  seems to  be no d a ta  a v a ila b le  in  th e  u s u a l r e fe re n c e s ’.
- I t  may th u s happen th a t  some s p e c ie s ' (p ro b a b ly  th e  le s s  \
: im p o rta n t o n e s) a re  n o t c o n s id e re d  due to  a la c k  o f  
. th e ro io ch e m ica l and s p e c t ro s c o p ic  in fo rm a tio n .
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; / The m ost im p o rta n t■-fe a tu re  o f  th e  m agnesium /sodium  '« • A i A -  A
n it r a t e  f la r e  i s  th e  s tro n g  con tinuum  w h ich  sp re a d s from  
abo ut 540 nm to  ab o ut 640 nm a t  a tm o sp h e ric  p r e s s u r e s ; A-;A s.y  
The maximum g e n e r a lly  o c c u rs  to  th e  re d  s id e  o f  th e  sodium  A' A  V 
D lin e s  w hich- a re  o b se rv e d  in  a b s o rp tio n ' and u n re s o lv e d . - A; ‘ 
T h is  fe a t u re  h a s been exam ined b y many o b s e rv e rs  in  th e  p a s t 
(B arro w  and C a ld in  ( 1 2 ) j~  Awcock e t  a l ( 1 ) ,  Douda ( 1 3 )  e t  a l ;  A /., 
and o th e rs ) and i s  a s c r ib e d  to  be t lie  so d iu in  R eso n ance l in e  .y 
; co n tin u um . C a lc u la t io n s  on 'th e  b ro ad e n in g , o f  t lie  so diu m  D lin e s  
; due to  n a t u r a l,  D o p p le r, L o re n tz  o r  H o ltsm a rk  p ro c e s s e s  g iv e , A / 
( f o r  th e  te m p e ra tu re s e n c o u n te re d  in  p y ro te c h n ic  fla m e s , v a lu e s ; As- 
w h ic li a re  s e v e r a l o rd e rs  o f  m agnitude lo w e r th a ii th o se  - -A
c u s to m a rily  o b s e rv e d , v iz  50 mA r a t h e r  th a n  1 0 I t  i s  p r im a r ily  
th e  re so n a n ce  l in e  co n tin u u m  w h ic h  makes t h is  ty p e  o f  c o m p o sitio n  
so  u s e f u l as an illu m in a n t .A -  . - ’ \  , s - . .. . - .
S in c e  th e  illu m in a t in g  p r o p e r t ie s  o f  th e  m agnesiam /sodium  
n it r a t e  f la r e ,  a re  o f  g re a t in t e r e s t  to  p y ro te c h n ic ia n s  i t  i s  ;A  
w o rth w h ile  lo o k in g  a t  t lie  m echanism  th a t  g iv e s  th e  h ig h  lm n in o u s ■ 
e f f ic ie n c ie s  to  th e se  f la r e s  in  some d e t a il .  In  g e n e r a l, i t  h as 
been fo u n d  th a t  t lie  m a jo r it y  o f  th e  pow er e m itte d , from  a l k a l i -  
m etal n it r a t e  c o n ta in in g  f la r e s  i s  e m itte d  as a con tinu um  
ro u g h ly , c e n tre d  upon th e  w a v e le n g th  o f  th e  re so n a n c e  lin e s  o f  th e  
a lk a l i  m e ta l p re s e n t . T h is  e f f e c t  may be se e n  in  th e  sodium  A A ;; 
n i t r a t e ,  p o ta ssiu m  n it r a t e  c o n ta in in g  f la r e s  and h as a ls o  been 
n o te d  in  f la r e s  c o n ta in in g  lit h iu m , ru b id iu m  and. caesiu m  n it r a t e s .  
The re g io n s  in  w h ic h  th e  maxim a o c c u r a re  th u s  590, 7 6 8 ,  671 (780  
and 7 9 5 ) ,  and (852 and 894) nm r e s p e c t iv e ly .  U s u a lly , th e  ; 4 • ' /
T a b le  6
Number D e n s ity  in  plum e a t  2000°K
Mg 1 . 9 3 0  x  1 0 24 . nri3
Na 0 ,8 3 4  x  1 0 24 . m"3
CO 0 .4 8 6  x  1 0 24 . m“ 3
N2 0 . 4 2 7  x  1 0 24 . m "3
S p e c ie s R a d iu s M o l. W eight
Mg 0 . 3 9  A 2 4 .3 2
Na
o
0 . 2 1  A 22.9 9
CO
0
1 . 1 3  A 2 8 . 0 '
N2
1 . 1 2  A 2 8 .0
Type o f  C o llis io n Number o f  C o llis io n s  s e c  4
1 Na/Mg
10
1 . 3 1  x  10 1U
2 Na/CO
10
1 . 5 9  x  10
3 N a/N 2 1 . 3 8  x  1010
4 N a/N a 2 . 1 5  x  1 0 8 
....  _________ __ _ __ __ ____
Type o f  B ro a d e n in g A A0 AX1
........ . ■" *- ...—
AX2
— —  — ------
AX3 T o t a l
L o re n tz “ 1 7 . 4  mA 2 1 . 2  mX 1 8 .4  mA 5 7 . 0  mA
N a tu ra l
0
1 mA 1 .0  mA
H o ltsm a rk
o
1 .1  mA
0
1 .1  mA
D o p p le r 39 mA 3 9 .0  mA ,
T o t a l 9 8 . 0  mA
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re so n a n ce  lin e  i t s e l f  i s  se e n  in  a b s o rp tio n  ( i . e .  se lf™  r y w . : -  
r e v e r s a l h as o c c u rre d ) a g a in s t  th e  con tinu um  and " 't h is  i s ,  
t h e r e fo r e , a s c r ib e d  as b e in g  due to  th e  u n e x c ite d  m e ta l being- 
p re s e n t in  th e  c o o le r  o u t e r  re g io n s  o f  th e  e n v e lo p e  o f  th e  , . 
fla m e . The c u r io u s  fe a t u re  o f  th e  co n tinu um  i s ,  as h as been ' y ■ 
se e n  p r e v io u s ly ,  t lie  m agnitude o f  H ie  b ro a d e n in g  i s  much 
la r g e r  th a n  m ig h t be e x p e c te d , from  .c o n s id e ra t io n s  o f  th e  
b ro a d e n in g  a r is in g  from  ’ n o rm a l’ c o l l is io n  p r o c e s s e s .
H ow ever, th e  b ro a d e n in g  o f  th e  re so n a n ce  l i n e ( s )  se e n  in  
a b s o rp tio n  i s  o f  abo ut th e  same o rd e r o f  m agnitude as H ia t  
p re d ic t e d  fro m , s a y ,  L o re n tz  b ro a d e n in g .
A p o s s ib le  e x p la n a t io n  o f  th e  so u rc e  o f  th e  re so n a n ce  
l in e  co n tin u um  a r is e s  from  H ie  w ork o f  a s t r o - p h y s ic is t s  on H ie  
p r o f i le s  o f  l in e s  in  s t e l l a r  atm o spheres in  w h ich  i t  i s  fo u n d  
H ia t  th e  d if f u s io n  o f  r a d ia t io n  th ro u g h  an is o th e rm a l 
atm osphere p ro d u ce s b e h a v io u r th a t  i s  q u a l it a t iv e ly  s im ila r .
M ien the- g ase s o f  H ie fla m e  a re  tra n s p a re n t  to  r a d ia t io n  o n ly  
in  H ie  extrem e w in g s o f  th e  V o ig t l in e  p r o f i l e ,  maxima 
d e v e lo p  on e it h e r  s id e  o f  H ie  re so n a n ce  l in e  a t  w h ich  a b s o rp tio n  
o c c u rs  b e ca u se  o f  th e  g re a t o p t ic a l dep.tih. T h is  m echanism  h a s V
been d e s c rib e d  b y Hummer (1 4 )  and H ie  c o m p u ta tio n a l m ethods
■ / *
-for d e a lin g  w ith  r e s u lt s  h a v e  been d e v e lo p e d  f u l l y  b y Hummer
and R y b ic k i (1 5 )  in  a re c e n t a r t i c l e .  The v e ry  much sh o rte n e d
d e s c r ip t io n  w h ich  fo llo w s  i s  la r g e ly  b a se d  upon H ie  la t t e r
a r t i c l e ,  a lth o u g h  m o d ific a t io n s  have been.m ade in  l ig h t  o f
comments o f  o t h e r s ,  p a r t ic u la r ly  Douda and B a i r ,  and th e
p re s e n t a u th o r.
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:Hummer and R y b ic k i have c o n s id e re d  t lie  c a s e  o f  a  gas 
made up o f  atom s h a v in g  o n ly  two e n e rg y  s t a t e s  w h ic h  
co rre sp o n d  to  th e  re so n a n ce  l i n e ,  t h u s , f o r  th e  c a se  o f  
sodium  the two D lin e s  a re  c o n s id e re d  to  be a s in g le t .  
P r a c t ic a l ly ,  t h is  i s  o f' s m a ll im p o rta n ce  f o r  i t  Htis .been . y A  7; 
se e n  in  t h is  s tu d y  th a t  th e  r e s o lu t io n , o f  H ie  m onochrom ator . 
was n o t s u f f ic ie n t  to  s e p a ra te  th e  two l in e s .  In  th e  g a s ,
. c o l 1 is io n a l e x c it a t io n  fo llo w e d , b y  r a d ia t iv e  d e - e x it a t io n  
c re a t e s  a, p h o to n a t  th e  exp en se o f  e le c t r o n  k in e t ic  e n e rg y  
and r a d ia t iv e  e x c it a t io n  fo llo w e d  b y c o l l is i o n a l  d e - e x it a t io n  
. rem oves a p h o to n  from  th e  l i n e  and c o n v e rts  th e  photon ,A A  
e n e rg y  b a c k  to  e le c t r o n  k in e t ic  e n e rg y . R a d ia t iv e  © A '
e x c it a t io n  fo llo w e d  by r a d ia t iv e  d e - e x it a t io n  i s  com m dnlyA yA  
r e f e r r e d  to  as s c a t t e r in g  arid t h is  i s  an im p o rta n t p ro c e s s  ' 
in  e x p la in in g  th e  re so n a n ce  l in e  con tinuum  s in c e  i t  p e rm its  
ph oton s to  undergo  s m a ll fre q u e n c y  changes w h ich  a re  shown 
up in  th e  w in g s o f  th e  l in e  p r o f i le .  C o llis io n a l e x c it a t io n  
.fo llo w e d  b y c o l l is i o n a l  d e - e x c it a t io n  i s  u n im p o rta n t e x c e p t A  
7in  e s t a b lis h in g  th e  r e la t io n  o f  o p t ic a l to  g e o m e tric  d e p th  
s c a l e s .  The gas i s  c o n s id e re d  to  be s t r a t i f ie d  in t o  p la n e -  .A  
p a r a l le l  la y e r s  in  an atm osphere e x te n d in g  to  in f i n i t y  in  
• two. d im e n s io n s . I f  N ^ (z )  an.d hr2 (z ) re p re s e n t th e  num ber 
d e n s it ie s  o f  atom s in  H ie  lo w e r and u p p e r energ y, s t a t e s  
r e s p e c t iv e ly ,  th e n  th e  s c a t t e r in g  c o e f f ic ie n t  p e r u n it  
volum e a t  d e p th  z f o r  fre q u e n c ie s  in  th e  l in e  c e n tre d  a t  A : ■
v i s  o
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In  t h is  e q u a tio n  B^2 and B2b a re  th e  u s u a l E in s t e in  
c o e f f ic ie n t s .  The v a r ia b le  x  m easures fre q u e n c ie s  from  
t lie  l i n e  c e n tre  in  a c o n v e n ie n t u n it  AA^. I f  a lin e -  
p r o f i le  w h ich  re p re s e n ts  th e  co m b in a tio n  o f  D o p p le r, 
n a t u r a l and L o re n tz  b fo a d e n in g s i . e .  th e  V o ig t  p r o f i le  
i s  u se d  th e n ,
' 0  (x )  » 5  V
/ I i ,  -. • it v) o a * (x  -  y )
w here ' , a  ■= (Av^ 4 Av^) / i n  "27Av^
x  = (v  -V  ) 2 / i n  2/Avo D
y  « 26 T in  2/Av D • /
w here Av^ i s  t lie  D o p p le r h a lf  “b re a d th  o f  th e  l i n e  a t  a 
g iv e n  te m p e ra tu re  and <$ i s  a  v a r ia b le  d is t a n c e  from , th e  
p o in t  (v  v ) . A c c u ra te  t a b le s  o f  th e  V o ig t  fu n c t io n  .-, 
h ave  b een , g iv e n  b y F in n  and M u g g lesto n e ( ib )  .
The e m is s iv it y  f o r  r a d ia t io n  w ith  fre q u e n c y  x  and 
d ir e c t io n  ri may be w r it t e n  as
w here , S ( z ) i s  known as -the so u rc e : fu n c t io n  a n d 't i s  , 'A. A ' Xi 1 - • . . A- H , .* A ? A - • - ' y, y .  s C
r e la t e d  to  th e  lo c a l v a lu e s  o f  th e  r a d ia t io n  f i e l d  b y
y4ir
w here I  i s  t lie  s p e c if ic  in t e n s it y , o f  r a d ia t io n  p ro p a g a tin g' . • .Ail •’V" * •* \ ; . '■ ... : ” " - •' * *'•{.
in  d ir e c t io n  n  w ith  fre q u e n c y  x  and i s  th e  P la n c k  
f u n c t io n  f o r  fre q u e n c y  v q a t . t h e  lo c a l e le c t io n  te m p e ra tu re  T . 
H ie  r e d is t r ib u t io n  f u n c t io n  ■. '. :
- R (x T i xn ) d x " d o " d x dQ - . tmii
g iv e s  th e  p r o b a b ilit y  t h a t  a p h o to n m oving in  th e  elem ent o f  
s o lid  a n g le  dJK a b o u t d ir e c t io n ;n  i s  a b so rb e d  fro m -a  r a d ia t io n  
f i e l d  o f  u n it  s tre n g t h  in  th e  fre q u e n c y  in t e r v a l x " ,  x '  +■ d x " 
and e m itte d  in  th e  in t e r v a l x ,  x  + d x in t o  a s o lid  a n g le  dQ 
c e n tre d  on n . ■' . .
I t  i s  n e c e s s a ry  to  in tro d u c e  a p a ra m e te r y w h ich  i s  th e  
p r o b a b ilit y  p e r s c a t t e r in g  th a t  a ph oton w i l l  be l o s t  from - 
th e  l in e  by c o l l  i s  io n a l d e - e x c it a t io n  o f  th e  e x c it e d  s t a t e ,  -p- 
and
\  ^ 2 1  +  A 2 1 P ” “ exP
I  . . . ( 3 8 )
w here a re  khe c o l l  i s  io n a l and r a d ia t iv e  d e - 1 q
e x c it a t io n  r a t e  c o n s ta n ts . The v a lu e s  o f  y f o r  s tro n g  lin e s . "
1. ' . ! ■' _ 4  - ~ 8
in  s t e l l a r  atm o spheres l i e  in  th e  ran g e  10 to . 10
a lth o u g h  Douda and B a ir  ( 1 7 )  h ave  p o in te d  o u t t h a t  ow ing
to y tlie  r e la t iv e ly  h ig h  p re s s u re s  and th e  e f f ic ie n t  A y
m o le c u la r q u e n ch in g  a g e n ts t h a t  a re  p re s e n t, in  p y ro te c h n ic  • k
fla m e s i t  s h o u ld  be e xp e cte d  th a t  y s h o u ld  be somewhat, y- • ; . y
g re a te r  th a n  th e  fo rm e r c a s e . T h is  p a ra m e te r re p re s e n ts  th e  
c o u p lin g  o f  th e  r a d ia t io n  f i e l d  to  th e  e le c t r o n  g a s ,  f o r  y =l  
i t  may be se e n  th a t  e q u a tio n  ( 3 7 )  re d u ce s to
S -  J  r p
v I  o
and Ex ( z )  = l<x  Sx ( z )  . . .  (39)
i . e .  e q u a tio n  (3 9 )  i s  K ir c h o f f s  Law.
Now H earn  (1 8 )  h as shown th a t  when D o p p le r o r p re s s u re
b ro a d e n in g  (L o re n tz  and H o ltsm arlc b ro a d e n in g ) i s  dom inant
th e n  S (z )  may be re p la c e d  by a fu n c t io n  th a t  i s  in d e p e n d e n t 
;• ' X i i  ’ ...
o f fre q u e n c y  and d ir e c t io n  i . e .  e and k  . h ave  th e  same fre q u e n c yXI XI ' i , •
dependence. Hence
A?1 N ~ (z )
SCz) = B y u c z )  -  b 21
The num ber d e n s it ie s  N  ^ (z )  and N ^ (z )  a re  r e la t e d  a c c o rd in g  
to  t lie  e q u a tio n  o f  s t a t i s t i c a l  e q u ilib r iu m  b y
N  W  ( b | 2 £  0  ( x )  l ' + x , C 12 ]
r *  oo
= N2 ( z)  ( A ^  + Cn  + Bn  \  0 ( x )  Px  d x )  . . . ( 4 1 )  i;
V-’-oo
I t  i s  th u s se e n  by re fe re n c e  to  e q u a tio n  ( 3 7 )  t h a t  *
ij b e in g  th e  c o s in e  o f  th e  a n g le  betw een th e  d ir e c t io n  
o f  p ro p a g a tio n  and th e  o utw ard  n o rm a l. The r a d ia n t  
in t e n s it y  I  ( t )  a t  fre q u e n c y  x  from  th e  l in e  c e n tre  
i s  g iv e n  as a f u n c t io n  o f  th e  o p t ic a l d e p th  t b y  th e  
r a d ia t iv e  t r a n s f e r  e q u a tio n
y H r ^ x y ^  ~ 0 ( X ?T M  “ S ( x )  . . . ( 4 4 )
w here x is  r e la t e d  to  th e  g e o m e tric a l d e p th  z b y
dx ~ dz \ k  ( t ) d x = k  (z ) dz . . . ( 4 5 )
'Too x
H ie  s o lu t io n  o f  e q u a tio n  (44) h a s been fo u n d  b y 
in t e g r a t io n  to  be (s e e  J e f f e r i e s ,  fo r- exam ple)
I  ^  0 O , T - )  S ( t ' )  e x p j y  0 ( x . T ) y U r '
-
,dx I
i . w  =  JXU T T . . .  (46)
' i  \  0 ( X >T ") S(r**) e x p J \  0 ( x , x ) ~ > d x
y  \ (-
k  0
T
( y <0 )
By co m b in in g  e q u a tio n s  ( 4 2 ) ,  (4 3 )  and (46) i f  p o s s ib le  
to  o b ta in  an in t e g r a l e q u a tio n  f o r  S ( t )
S ( t )  = j  1 ~ y (x )J   ^ I C ^ ( t , t " )  S(x'')d.T''  + y ( x )  J ( t )
d o
...(47 )
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aiicl E’^ ( t ) i s  th e  f i r s t  e x p o n e n tia l in t e g r a l fu n c t io n . ( In  
s im p le  term s th e  f i r s t  e x p o n e n tia l in t e g r a l fu n c t io n  i s  
g iv e n  by A  - . • A
e x p (--y x )d y /y ) 
0 1
I f  th e  volum e a b s o rp tio n  c o e f f ic ie n t  p e r  u n it  fre q u e n c y . A 
on th e  x  s c a le  f o r  th e  c o n tin u o u s o p a c it y  o f  th e  fla m e  ,1s •r“ A A %
k G w h ich  a s t r o p h y s ic is t s  u s u a lly  ta k e  to  be in d e p e n d e n t o f  d V -kv 
fre q u e n c y  th ro u g h o u t th e  l i n e ,  tlie n . th e  t o t a l s o u rc e  f u n c t i o n k .. 
may be w r it t e n  as .A . \  * -A A.
S . V )  °  0  (k  ST.( l )  +
A •: A '-  0  (x ) -I-B 0 (x )  + a
w here i s  th e  fre q u e n c y  in d e p e n d e n t l in e  s o u rc e  fu n c t io n  g iv e n  
b y e q u a tio n s  (40) and '(42) and i s  th e  co n tin u um  s o u rc e  • 
fu n c t io n . H ie  p a ra m e te r 6 - i s  th e  r a t io  o f  th e  con tinu um  o p a c it y  
to  t h a t  a v e ra g e d  o v e r th e  l in e  i . e .  A
6 -  k ° /k L ' and Sc  = PJ  . . .  (4 9 )
G e n e ra lly , th e  co n tin u um  s o u rc e  fu n c t io n  i s  ta k e n  to  be th e  
P la n c k  fu n c t io n  i . e .  p -- 1 .  In  th e  fo rm e r ca se  i t  i s  fo u n d
:S x Ct ) -  | I  -  C ( / ; \  0  Cx) Px  * c
r C'y') +  ^6 (X J 0 (x ) V  3 J ..(50)
w here « x )  -
The t r a n s f e r  e q u a tio n  becom es
4  - V T) = F c x . o  +■ b « ]  [ i X(j ( t )  -  s x c-r)]
; id x
0 ( x , t) I x (t ) "  Sl ('Q  ; + ' 3 ( t) I X p ( T) 
■p ( t)  6(T;jj ' . . . ( S 2 )
On .in te g ra t in g  t h is  e q u a tio n , assum in g th a t  3 and 0 ( x )  a re  
in d e p e n d e n t o f  d e p th ,: i t  . i s ; fo u n d  t h a t
•t . » ; . \  , -
, s l ( t ) = 1 -  r  (t )i K, ( 3 , 1 T -  t  ’ | )  ST ( t 1) dx *
E ( t ) -  y Ct51 \ L, ( B j x -  - ’ I )  p ( t ' )  J  ( t 1)  cl r
o  .
■ / Y (x ) J ( t ’ ) . V. (5 3 )
w here K y ( 3 ,  x ) =
1
2 G ( 3 ) .
■ V . 0 2 ( x )  i i , { [ 3  + 0 ( x ) ] t ) d x  ■’
O-oo V+ # ;
•V.C54)
L , ( 3 , t) =
1
2 F (3 )
. A oo . * . . 7 •
\  0 ( x )  E , { [3 t  0 (x ) ] t } d x  - 
J-°° ■’ ' ' ? '
. .  . (5 5 )
F ( 3 )  »
A  00' . *
\  0 ( x )  . d x  ,
y  p. + 0 ( x )  -  •
. . , ( 5 6 )
; / G ( 3 )  ' = 1 -  P!; (:-.) . . . (5 7 )
>  - 7 /
/A 00 <. •A . 0 ( x )  t ( x ) d x  =-- T + f.i
: ; ' \ *’ *’i] •-*> +
-  1 35
. . . ( 5 8 )
The m a jo r p ro b le m  in ''t h is .- w o rk  i s  th e  s o lu t io n  o f  th e  
e q u a tio n s  o f  th e  ty p e  (4 7 ).  and ( 5 3 ) .  One su ch  s o lu t io n  u t i l iz e s  
a  d is c r e t e  o rd in a te  m ethod. The s o lu t io n  to  e q u a tio n  ( 5 3 )  i s  A  
fo u n d  b y in t ro d u c in g  th e  q u a d ra tu re  fo rm u la s.; :
• 1 _ _ n .
0 (x ) f ( x ) d x  •+
l = - n  
i / o
a y c x . ; ) (59)
'and
„JDL
f  (y ) du +  J > _  A b f ( y j )
.  J =  A '  '
J /  o
• ; , • ' I'
when i t  i s  fo u n d  th a t
x - y  -
i j
A q b l L e x p (-k  t )  c< 1 v a
x ~ l ] 1 + k  X-y.  L  a  l
+  m  o x p ' y y c t '  ~ T  i
1 - K
+ P . . (  ) T . . . ( 6 0 )
w here X+ 1 / ( 3  + 0 ( x i ) )
and lc m ust s a t i s f y  th e  c h a r a c t e r is t ic  e q u a tio n
11 111 y f w ; 1
I  = 2 \  “  \  ' a i  Z  "  Z
z . _  z
i = l  j = i  -:1 ;- k a (A i u j)
. (6 2)
The c o e f f ic ie n t s  and a re  fo u n d  b y s o lv in g
r r-.
- - i':*\ -
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Cl -  ? !  >
La M e x p (~ k  t ’ )r\i /va A a
___
a“ l \ 1  -  y • A • k  \  j  l  a
•i- P . . ( o )  = 0
i  = 1 , 2 . .n
a  - ? y  >
a = l
(6 3)
H ere H ie  b o u n d ary c o n d it io n  i s  assum ed th a t  no r a d ia t io n  i s  in c id e n t  
upon one s id e  o f  t lie  p a r a l le l  s la b  w h ils t  on th e  o th e r s id e
T h u s, i t  i s  p o s s ib le  to  c a lc u la t e  th e  s p e c t r a l pow er 
d is t r ib u t io n  o f  fla m e s i f  a c e r t a in  amount o f  p a ra m e te r 
a d ju stm e n t i s  made.
Douda and B a ir  ( 1 7 )  u se d  t lie  te c h n iq u e  in  th e  c a se  o f  . 
th e  m agnesium /sodium  n it r a t e  f la r e ..  By a d ju s t in g  th e  v a lu e s  
o f  th e  p a ra m e te rs y , t 1 , a , 3 and p a re a s o n a b le  f i t  to  tlie  
o b se rv e d  sp e ctru m  was a c h ie v e d . The v a lu e  o f  t '  was i n i t i a l l y  
e stim a te d  from  th e  p h y s ic a l s i z e  o f  t lie  fla m e , th e  known m ass 
b u rn in g  r a t e  and th e  E in s t e in  c o e f f ic ie n t s  B ^  and ^ 2 1 u ^ ie  
V o ig t  ! a T p a ra m e te r was ch o se n  from  th e  l i t e r a t u r e  on seed ed  
sodium  fla m e s and p assum ed to  be u n it y .  The r e s u lt s  o f  t h e ir
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c a lc u la t io n s  a re  p re s e n te d  in  f ig u r e  (2 3 )  in  w h ich  th e  
e x p e rim e n ta l r e s u lt s  a re  re p re s e n te d  by th e  d o tted, c u rv e , 
th e  p re d ic t e d  s p e c t r a l pow er d is t r ib u t io n  w ith o u t th e  
term  f o r  th e  P la n c k  co n tin u u m  i s  re p re s e n te d  b y th e  dashed, 
c u rv e  and th e  p re d ic t e d  s p e c t r a l pow er d is t r ib u t io n  in c lu d in g  
t lie  P la n c k  co n tin u u m  b y  th e  s o l id  c u rv e . Douda and B a ir  assum ed 
t h a t  J  ( v , t ) ,  0 ( x ) and y have a ve ra g e  v a lu e s  in s id e , th e  fla m e  
and t h is  a p p ro a d i i s  d ic t a t e d  b y th e  f a c t  t h a t  t lie  Hummer m odel 
makes th e  a ssu m p tio n  t h a t  th e re  i s  no te m p e ra tu re  g ra d ie n t  in  
th e  medium and v a l id it y  o f  t h is  argum ent m ust be c o n s id e re d  o f  
d o u b tfu l v a lu e  when p y ro te c h n ic  fla m e s a re ' c o n s id e re d . I t  may 
be se e n  th a t  'tlie  f i t  betw een t lie  e x p e rim e n ta l and t h e o r e t ic a l 
c u rv e s  a re  in  re m a rk a b le  agreem ent when th e d o u b tfu ln e s s  o f  th e  
s im p lif y in g  a ssu m p tio n s a re  c o n s id e re d , b u t i t  may a ls o  be 
n o t ic e d  th a t  th e  f i t  o v e r t lie  a b s o rp tio n  l in e  i s  n o t so  good. 
Had th e  sodium  re so n a n ce  l in e s  been t re a t e d  as a  d o u b le t 
r a t h e r  th a n  as a s in g le t  th e re  w o u ld  have been a f u r t h e r  0 .6  nm 
s e p a ra t io n . H ow ever, as t lie  f i t  i s  o b ta in e d  b y  th e  a d ju stm e n t 
o f  many p a ra m e te rs w hose v a lu e s  a re  unknown in  th e  p y ro te c h n ic  
c a se  i t  may e a s i ly  be p o s s ib le  th a t  c lo s e n e s s  o f  th e  f i t  may 
be i l lu s o r y .  Douda (1 9 ) h as p o in te d  o u t th a t  th e re  i s  re a so n  to  
b e lie v e  th a t  y s h o u ld , f o r  th e  m agnesium /sodium  n it r a t e  system  
h ave a  v a lu e  w h ich  l i e s  in  t lie  re g io n  0 .1  to  1 and i f  t h is  
v a lu e  i s  u se d  in  t lie  Hummer m odel th e n  i t  i s  n o t p o s s ib le  to  
a d iie v e  a good f i t  o v e r t lie  a b s o rp tio n  re g io n . H ie  s o lu t io n  
in  t h is  c a se  seem s to  be one o f  m aking th e  m odel more 
s o p h is t ic a t e d  b y assu m in g  a g re a t e r  num ber o f  s la b s  o f  m a t e r ia l
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540 560 587 600 620
Wave le n g th  in  nanom eters
F ig u re  (2 3 )  C om parison o f  r e s u lt s  o b ta in e d  b y Douda e t  a l w ith
e x p e rim e n t a lly  o b se rv e d  sp e ctru m . A programme w r it t e n  
by Hummer was u s e d ,  th e  s o lid  c u rv e  and th e  d ashed  
c u rv e s  d i f f e r  in  th a t  th e  b la c k b o d y  e m iss io n  i s  
in c lu d e d  in  t lie  fo rm e r.
e x i s t  in  'd ie  medium each, c h a r a c t e r iz e d  b y a v e ra g e  v a lu e s  
o£ J ( v , t ) , 0 ( x )  and y c o rre s p o n d in g  to  d if f e r e n t  v a lu e s  
o f  t « In  t l i i s  way a te m p e ra tu re  g ra d ie n t  in  t lie  fla m e  may
be a p p ro xim a te d  b u t th e  c o e f f ic ie n t s  L and M become d if f e r e n t1 -1 a a
and. m ust c o rre sp o n d  to  th e  b o u n d ary c o n d it io n s  p re s e n t in  t lie
two s id e s  o f  th e  s l a b ,  f o r  e ach  s la b  o f  m a t e r ia l.
I t  w o u ld  seem  t h a t  an im provem ent in  th e  c a lc u la t io n  o f  
t * w o u ld  be p o s s ib le  b y com pu ting th e  c o n c e n t ra tio n  o f  t lie  
sodium  atoms u s in g  a com puter programme d e v e lo p e d  b y NASA f o r  
s im ila r  p ro b lem s in  ro c k e t r y  (2 0 ) . A copy o f  t h is  programme 
h as v e ry  r e c e n t ly  been r e c e iv e d  and i t  i s  in te n d e d  to  p u rsu e
t h is  a p p ro ach  f u r t h e r .  The programme a ls o  a llo w s  t lie
c a lc u la t io n  o f  th e  a d ia b a t ic  te m p e ra tu re  th a t  th e  com busted 
fo rm u la tio n  u n d e r c o n s id e r a t io n  w i l l  re a c h . T h is  in fo rm a tio n  
w i l l  p e rm it im pro ved  v a lu e s  o f  t lie  p a ra m e te rs to  be in s e r t e d  
in t o  th e  re so n a n ce  l in e  c a lc u la t io n s .
A ls o  in  t h is  w o rk th e  asym m etry o f  t lie  re so n a n c e  l in e
i s  o f  g re a t in t e r e s t .  A c c o rd in g  to  th e  London th e o ry  o f  van
d e r W aals b in d in g  f o r  c o l l is io n s  betw een th e  atom s w ith
s tro n g  re so n a n ce  l i n e s , in  th e  u p p e r s t a t e  t lie  p o t e n t ia l
1 3e n e rg y  i s  p r o p o r t io n a l to  ~ / r  . T lie  d e v ia t io n  Av from  t lie  
c o rre s p o n d in g  a to m ic  l in e  f o r  th e  p a r t  o f  th e  co n tin u u m  e m itte d  
a t  an in t e r n u c le a r  d is t a n c e  r  f o r  n o n -c e n t ra l c o l l is io n s  i s
av = . . .  (64)
r
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w here c 1 and c.,,n a re  th e  va n  d e r W aals c o n s ta n ts  f o r  t lie  
u p p e r and lo w e r s t a t e s  r e s p e c t iv e ly .  The in t e n s it y  in  th e  
in t e r v a l d r is  p r o p o r t io n a l to  th e  fre q u e n c y  o f  o c c u rre n c e  
o f  an r  v a lu e  betw een r  and r  + d r ,  th u s
I ( r )  d r  = 4A ir Z  d r  . . . ( 6 5 )
w here A i s  a  c o n s ta n t. From (64) and (6 5) H ie  fo llo w in g - 
e x p re s s  io n  i s  d e r iv e d
I ( r )  2" A \ c  -  c "
2
(66)
3 Ar
™ 2
i . e .  th e  v a r ia t io n  in  in t e n s it y  i s  p r o p o r t io n a l to  (A r)
in  H ie  w in g s . I t  s h o u ld  be n o te d  th a t  more g e n e r a lly  H ie
1  6p o t e n t ia l e n e rg y  i s  p r o p o r t io n a l to  / r  in  w h ich  c a se  th e  
fo llo w in g  e x p re s s io n  f o r  I ( r )  i s  o b ta in e d
I ( r )
9
4 ttA  /  | c 1 -  c ”  |
■ 2i . e .  th e  in t e n s it y  o f  H ie  co n tinu um  v a r ie s  as r  ^
The ty p e  o f  n o n - c e n t r a l c o l l is i o n  b ro a d e n in g  d e s c rib e d  
above a c co u n ts f a i r l y  w e ll f o r  H ie  b ro a d e n in g  o b se rv e d  in  
a rg o n /so d iu m  h ig h  p re s s u re  c o l l is io n s  a c c o rd in g  to  M in ko w ski
(2 1 )  and f o r  m e rcu ry  in  a rg o n , (Kuhn (22) I p ro v id e d  th a t  c e r t a in
L  _ j
o th e r a ssu m p tio n s a re  m ade. The b ro a d e n in g  o r w in g s o n ly  ap p e ar 
when th e  p re s s u re  i s  h ig h  and H ie  d u ra t io n  o f  c o l l is i o n  i s  an 
a p p re c ia b le  f r a c t io n  o f  th e  tim e betw een c o l l is io n s .
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T h is  m echanism  le a d s  to  a d is t r ib u t io n  w h ich  i s  e n t ir e ly
on th e  lo n g  w a v e le n g th  s id e  o f  th e  re so n a n ce  l i n e .
M argenau (2 3 )  h as shown H ia t  f o r  s m a ll A r H ie  p r o p o r t io n a lit y  ; ' -
b re a k s  down, and th e  in t e n s it y  r is e s  r a p id ly  from  z e ro  a t
H ie  re so n a n c e  l in e  and r e a d ie s  a  maximum 011 th e  lo n g  waved.engHi
s id e .  The d is t a n c e  in  wavenum bers betw een th e  maximum and H ie
re so n a n c e  l in e  i s  p r o p o r t io n a l to  th e  d e n s it y  o f  th e  atom s and
m o le c u le s  o th e r H ia n  th e  so dium  in  th e  f la r e  p lu m e.. I t  is
shown in  t a b le  (7 )  th e  d is t r ib u t io n  in  th e  w in g s ,, w h ic h  h ave
-2been e v a lu a te d  assu m in g  a  p r o p o r t io n a lit y  to  A r and com pared 
w it h  t y p ic a l e x p e rim e n ta l r e s u lt s .  I t  may be o b se rv e d  H ia t  H ie  
f i t  i s  v e ry  p o o r w h ic h  le a d s  to  th e  c o n c lu s io n  t h a t  t h is  ty p e  
o f  b ro a d e n in g  i s  n o t H ie  dom inant m echanism  f o r  th e  p ro d u c tio n  
o f  th e  re so n a n ce  l in e  continuum ., b u t may a c co u n t f o r  th e  
o b se rv e d  asym m etry.
I 11 a d d it io n  to  th e  ’ D’ l in e  a b s o rp t io n , H ie re  i s  a s tro n g  
e m is s io n  a t  A819 11m and two w eak e m iss io n s  a t  AA566.8 and 515 
w h id i may be a t t r ib u t e d  to  so d iu m . A lm o st in e v it a b ly ,  H ie  
re so n a n ce  d o u b le t due to  p o ta s s iu m  a t  AA765 -  769 o c c u rs  as an 
im p u rit y  in  th e  i n i t i a l  r e a c t a n t s . The re m a in in g  m in o r fe a t u re s  
w h ich  have been id e n t if ie d  in .H ie  m a jo r it y  o f  th e s e  s p e c t ra , 
a re  MgO b a n d s, p a r t ic u la r ly  H ie  AA 491 -  501 nm b a n d s, CO bands 
and p o s s ib ly  th e  N2 b a n d s. H ie  p o s it iv e  id e n t if ic a t io n  o f  su ch  
s p e c ie s  i s  made d i f f i c u l t  b e ca u se  o f  th e  in h e re n t  la c k  o f  r e s o lu t io n  
o f  th e  PE108 m onochrom ator due p a r t ia l l y  to  th e  u se  o f  a c a lc iu m / 
f lu o r id e  p ris m  and a ls o  to  s e v e r a l o rd e rs  o f  m agnitude d if f e r e n c e
- 142 ~
in  th e  ( in t e n s it y  o f  th e se  bands w ith  re s p e c t  to  t lie  
re so n a n ce  l in e  co n tin u u m . As a r e s u l t ,  many o f  th e  bands 
o v e rla p  and a re  n o t  r e s o lv e d  m aking th e  a ssig n m e iits'. -somewhat 
t e n t a t iv e .
Table 7
Shape , o f  Reso n an ce  L in e  D is t r ib u t io n  in  t h e 
Red W ing b y S t a t i s t ic a l  B ro a d e n in g
A + 
0
Av~2 . E x p e rim e n ta l
1 0  nm 1 . 0 1 . 0
15 nm
■
0 . 4 5
'
0 . 8 8
2,0 nm 0 . 2 5 0 . 7 2
25 nm 0 . 1 6 0 . 5 8
30 nm 0 . 1 1 0 . 4 7
F in a lly ,  f ig u r e s  (24) and (2 5 ) r e s p e c t iv e ly  show th e  y ; /  
r e la t io n s h ip  betw een lu m in o u s in t e n s it y  v e r s u s 'b u m  ra t e  and 
th e  p o s it io n s  o f  v a r io u s  c o m p o sitio n s  on th e  C IE  c h ro m a t ic it y  
d iag ram  f o r  illu m in a t in g  f la r e s .  In  f ig u r e . (24) i t  may be c le a r ly  ’ 
see n  t h a t  th e  e f f e c t  th e  a d d it io n  o f  c a lc iu m  o x a la t e  as a y .  • • . ,-y
m o d e rato r to  t h is  c o m p o sitio n  i s  to  s e r io u s ly  d eg rad e  th e  lu m in o u s 
e f f ic ie n c y .  The d o tte d  c u rv e  on f ig u r e  (24) i s  in t e r e s t in g  in  
th a t  i t  shows th e  e f f e c t  o f  change o f  m agnesium  p a r t ic le  s iz e ; ,  
a l l  o th e r m a n u fa c tu rin g  p a ra m e te rs re m a in in g  c o n s ta n t.
I t  is  in t e r e s t in g  to  n o te  th a t  Douda e t  a l  h ave  d e te rm in e d  ■ 
a p a ra m e te r 6 = | A _ ~ A | f o r  m agnesium /sodium  n it r a t e  f la r e s  y-
l i l c D v  J. U o  c
w it h  a ( 5 8 / 3 8 / 4 )  c o m p o sitio n  and have fo u n d  th a t  t h is  i s  a f u n c t io n
o f  f la r e  d ia m e te r; a ro u g h .e s tim a te  i s  made h e re  th a t  i t  i s
p r o p o r t io n a l to  A T  w here d i s  th e  d ia m e te r o f  th e  f la r e .  The v a lu e
o f  6 o b ta in e d  in  t h is  s tu d y  f i t s  v e ry  w e ll in t o  t h e ir  ra n g e  o f  d a ta
h a v in g  v a lu e s  ra n g in g  from  a p p ro x im a te ly  3 nm to  5 ran. A ssum ing
th a t  th e  flam e  i s  a p p ro x im a te ly  c o n ic a l in  sh a p e , th e  d e n s it y ,
-2f o r  th e  same b u rn in g  r a t e ,  i s  l i k e l y  to  depend on d J i . e .  th e  
e x p e rim e n ta l r e s u lt s  and th e  r e s u lt s  p re d ic t e d  f o r  th e  v a r ia t io n  : 
o f  6 w ith  d ia m e te r a re  a t  v a r ia n c e  s u g g e s tin g  th a t  th e  
s t a t i s t i c a l  d is t r ib u t io n  i s  n o t t lie  m echanism  f o r  t lie  p ro d u c tio n  yc
•A t •
o f t lie  re so n a n ce  l in e  co n tin u u m .
7 .2  Red S ig n a l F la r es r. ft ' ............’ A
P r a c t ic a l ly ,  i t  h a s b een fo u n d  th a t  th e  in t r o d u c t io n  o f  two 
m e t a l s ,, s tro n tiu m  o r  lit h iu m , in t o  a fla m e  w i l l  r e s u lt  in  a f a i r l y  . 
s a tu ra te d  re d  c o lo u r a t io n . Tlie u se  o f  lit h iu m  o r  lit h iu m  s a lt s
Lu
m
in
ou
s 
In
te
n
si
ty
, 
CD 
x 
10
'
;o5 80(b)
4.0"
3 .0
to
2 . 0
1 . 0  -
/
A '  580B
/
/
O  568
/  /
/
56'8A o /
Ca)
O  578 
572 O
A /
/
/  
0  546
/
501 /
9 5  557 
O  562
t  5 4 7
5 .0
.  . . .  
1 0 . 0
B u rn  R ate in  g . s e c
F ig u re  (24) R e la t io n s h ip  betw een lu m in o u s in t e n s it y  and b u m  r a t e  
f o r  (a ) Mg/NaNO^/CaC^O^ f la r e s  and (b ) Mg/NaNO^ f la x e s
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a re  su p p o se d ly  ru le d , o u t ow ing to  H ie  r e a c t iv e  n a tu re  o f  
th e  m e ta l and to  H ie g re a t  h y g r o s c o p ic it y  o f  a l l  o f  i t s  
s a l t s .  Id e a lly ,  a re d  s ig n a l c o u ld  be p ro d u ce d  b y  a  r e a c t io n  o f  
S r m e ta l w ith  s tro n t iu m  c h lo r a t e  o r  p e rc h lo ra t e  to  pro duce, th e  
c h a r a c t e r is t ic  S rC l bands and SrOH bands w h ich  g iv e  H ie  re d  An.-y 
c o lo u r . U n fo rt u n a t e ly , H ie  m e ta l pow der i s  u n s u it a b le  f o r  u se  -y • 
when lo n g  s to ra g e  p e rio d s  a re  e n v is a g e d  as i t  i s  somewhat A; 
r e a c t iv e  in  a i r .  The a d d it io n  o f  s tro n tiu m  c h lo r id e  to  a h e a t 
p ro d u c in g  m ix tu re  i s  a ls o  r u le d  o u t b e ca u se  in  o rd e r to  a c liie v e  
re a s o n a b le  c o n c e n tra tio n s  o f  H ie  s a lt  in  th e  fla m e , th e  r e a c t io n  
p ro ce e d s e x tre m e ly  s lo w ly  so  t h a t  H ie  te m p e ra tu re , and lie n e e  
p o p u la tio n  d e n s it y  o f ' t h e  e x c it e d  s p e c ie s  i s  lo w , r e s u lt in g ;  in  f 
a v e ry  lo w  lu m in o u s in t e n s it y .  G e n e ra lly , re d  s ig n a ls  f a l l  in t o . y 
two somewhat s im ila r  c a t e g o r ie s . T lie  f i r s t  t y p e ,  w h ich  h as been 
in  lo n g e r u se  r e l ie s  on H ie co m b u stio n  o f  m agnesium  w ith  
p o ta ssiu m  p e r c h lo r a t e  to  p ro d u ce  a h ig h  te m p e ra tu re  e n viro n m e n t 
in  w h ich  s tro n t iu m  n it r a t e  can  decom pose, g iv in g  e x c it e d  S rC l . 
and. hence th e  re d  e m is s io n . H ie  seco n d  t y p e , w h ic h  i s  somewhat 
s lo w e r b u rn in g  in tro d u c e s  th e  c h lo r in e  v ia  p o ly v in y l c h lo r id e  a n d - 
th e  s tro n t iu m  b y th e  in t r o d u c t io n  o f  th e  n it r a t e  o r  o x a la t e .
O th e r o rg a n ic  c h lo r in a t e d  compounds a re  u s e d ,  n o t a b ly  c h lo r in a t e d  
ru b b e r, d ic h lo r o u r e a  and. benzene h e x a c h lo r id e . O fte n  s h e lla c  o r  
b o ile d  lin s e e d  o i l  i s  added f o r  Hie u s u a l m a n u fa c tu rin g  re a s o n s .
The in c r e a s e  in  th e  c o n te n t o f  H ie  ca rb o n a ce o u s f u e ls  
s e rv e s  two p u rp o se s in  th e  la t t e r  ty p e  o f  c o m p o s it io n , F i r s t l y ,  
i t  e n a b le s  a much c o o le r  b u rn in g  f la r e  to  be made w h ich  re d u ce d
th e  e m is s io n s  from  su c h  n o n - s e le c t iv e  r a d ia t o r s , su c h  as 
MgO. S e c o n d ly , th e  co m b u stio n  o f  th e  ca rb o n a ce o u s m a t e r ia l 
r e s u lt s  in  an in c re a s e d  volum e o f  gaseo u s p ro d u c ts  su ch  as 
. CD2 w h ich  makes th e  flam e  a re a  v e ry  much g re a t e r  th a n  th e  V .M  
fo rm e r ty p e s o f  c o m p o s itio n -w h ic h  com pensates th e  e f f e c t  o f  
re d u c e d  te m p e ra tu re  on th e  lu m in o u s in t e n s it y .
In  a d d it io n  to  th e  S rC l bands C a c k e tt (9 ) and S h id lo v s k y  
( 3 7 )  a t t r ib u t e  a num ber o f  o th e r bands w h ich  a re  o b se rv e d  a s :v \  
b e in g  due to  SrO, b u t t h is  s tu d y  h as c o n firm e d  H ie  r e s u lt s  
o f  Jam es and Sugden (2 5) and Gay don (26) w h ich  h ave  shown them 
to  n e a r ly  a l l  b e lo n g  to  SrOH w ith  th e  p o s s ib ilit y  th a t  th e re  \  
may be th re e  bands due to  in  th e  fla m e . In  a d d it io n  to
th e  s ta n d a rd  c o m p o s it io n s , an e x p e rim e n ta l c o m p o sitio n  was 
exam ined to  a s c e r t a in  i t s  p o s s ib le  u s e fu ln e s s  as a re d  s ig n a l:  
f la r e  c o m p o s itio n . I t  was a. M g /S r(N O ^ )2/P T FE  m ix tu re  arid g a v e ’ 
th e  c h a r a c t e r is t ic  re d  and y e llo w  band syste m s o f  S rF . The 
in t e n s it y  o f  th e  la t t e r  syste m  d e te rm in e s th a t  a s a tu ra te d  
re d  hue i s  im p o s s ib le  to  a c h ie v e .
The e m iss io n s  so  f a r  o b se rv e d  in  re d  s ig n a ls  a re  l i s t e d  
in  t a b le  (8 ) . F i r s t l y ,  H ie  e m is s io n  o f  th e  n e u t r a l atom a t
4 6 0 .7  nm i s  o b se rv e d  w e a k ly  w iH i re s p e c t  to  th e  re m a in d e r o f  
th e  s p e c t r a l pow er d is t r ib u t io n .  Two s tro n g e r fe a t u re s  may be 
d is t in g u is h e d  a t  687 and 7 0 7  nm w h ic h  c o u ld  be due to  a to m ic 
S r  b u t i t  ca n  be se e n  in  th e  same t a b le  th a t  SrOH and S r 20 2
a ls o  e m it a t  o r  n e a r to  th e s e  w a v e le n g th s .
I n  a l l ' o f  th e  f la r e s  exam ined th e  band sy ste m  due to  A -'-y-.1! '  
SrO h a s n o t been o b s e rv e d , ’the o n ly  fe a t u re s  o th e r th a n  S r C l ,
S rO Ii, and S r 20 2 w h ich  have b een n o t ic e d  a re  th e .p o ta s s iu m  "-.AV:'
re so n a n ce  l in e s  a t  AA76S, 769 nm e it h e r  in tro d u ce d , v ia  
p o ta ssiu m  p e r c h lo r a t e  o r  as an im p u r it y ,' H ie  so d iu m .re so n a n c e  
l in e s  as an im p u rity -, v e ry  w eak m agnesium  o x id e  b a n d s, and 
a w eak b a ckg ro u n d  co n tin u u m . -
H ie  ab sen ce o f  SiO  bands in  H ie s p e c t ra  i s  a c u r io u s  and 
• • • 4 . * 
in t e r e s t in g , phenom enon. R e fe re n c e  to  M avrod.ineanu .et a l  (2 7 )  y ;, .,(.•(
who l i s t  th e  band syste m s o b s e rv e d  u n d e r h ig h  r e s o lu t io n
f o r  th e  c a se s w here s tro n t iu m  was in tro d u c e d  .in to  C2H2/ 0 2 and A
C ^ I'^ /a ir  f la m e s , shows th a t  H ie  SrO band sy ste m , a lth o u g h  w eak,
i s  e x t e n s iv e . H ow ever, th e  ra n g e  in  w h ich  th e s e  m easurem ents j
a re  ma.de p re c lu d e  H ie  p o s s ib i l i t y  o f. o b s e rv in g  H ie  u l t r a v i o l e t ;  A.
and. b lu e  s y s te m s ,  b u t H ie  in f r a  red. syste m  s h o u ld  be o b s e rv a b le .A ;
H ie  ab sen ce o f  H ie  bands im p lie s  th a t  in  th e  r e a c t io n ; V;'
2 SrO S r 20 2
" , . * dv
H ie' e q u ilib r iu m  c o n s ta n t m ust be q u it e  la r g e  and th e  v a lu e  o f  th e  
f r e e  e n e rg y  ch an g e , AG, m ust be n e g a t iv e , assum in g th a t  th e  , A;
id e n t if ic a t io n  o f  S r 20 2 i s  c o r r e c t .  A d d it io n a lly ,.,  s in c e  H ie  ; y
s p e c t r a l,  pow er d is t r ib u t io n s ,  w h ich  a re  o b se rv e d  a re  presum ed 
to  come from  th e  o u te rm o st re g io n s  o f  th e  fla m e , we ca n n o t sa y  
much abo ut th e  r a t e  o f  r e a c t io n .
The p y ro te c h n ic  s u c c e s s  o f  re d , s ig n a ls  seem s to  be a g e n e ra l 
la c k  o f  e m iss io n s  b e lo w  600 nm H iu s p r e s e r v in g  th e  p u r it y  o f  th e
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Table 8
A to m ic S p ectrum  o f  S r (400 -1000 nm)
A A rc  . .S p a rk . .
4 0 7 . 7 7 400 500
4 2 1 .5 5 300 400
4 6 0 . 7 3 1000 50
4 8 3 .2 1 200 8
4 8 7 .6 3 200 . 60
6 7 9 . 1 1 200 -
6 8 7 .8 4 500 -  '
7 0 7 . 0 1 1000 -
7 3 0 .9 4 200 -  •
7 6 7 . 3 1 200
' . ■ 
";
Band Spectrum  o f  S rC l (400 -  1000 nm)
A I v f v lf T r a n s it io n
6 7 5 . 5 6 3 0 ,  1 p 1
2 ? 
A tt -  A e
6 7 4 . 4 7 5 0 ,  1 Q2 I
6 6 1.9 9 5 0 ,  0  P1 j
6 6 1 . 3 7 10 0 , 0  Qt i
648.29 4 1 ,  o Q4Q2
6 3 6 .2 4 5 0 ,  0  P 2
6 3 5 . 8 7 10 0 , 0  Q2
6 2 3 .9 3 2 1 ,  0  Q2
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Band Spectrum o f SrO (400 - 1000 run)
A I v 1 v " T r a n s it io n
4 1 6 . 7 9 0 y 1 B ' ttX ’ g
4 1 8 .9 7 1 , 2
'
4 2 8 .1 9 0 , 2
4 3 0 . 3 7 1 ,  3
4 3 9 .9 1 0 0 ,  3
4 4 2 .1 7 1 ,  4
j 4 4 6 .3 7 3 ,  6
4 5 2 . 3 7 0 ,  4
! 4 5 4 .4 9 1 ,  5
4 5 6 .5 9 2 , 6
4 6 5 .2 5 0 ,  5 i ■
4 6 7 . 3 7 1 , 6
4 6 9 .3 9 2 , 7
7 5 0 . 1 0 ,  4 1 e -  1 e
7 5 2 . 3 1 ,  5
7 5 4 .2 2 , 6
7 8 5 . 3 0 ,  3
7 8 8 .2 1 ,  4
7 9 0 .2 2 ,  5
8 2 5 .8 0 ,  2  '
8 2 7 .2 1 ,  3
8 7 0 . 0 0 , 1
8 7 2 . 3 1 , 2  |
9 1 9 .6 o ,  o  ;
9 7 7 . 6 ij
j
1 0 4 2 .6 1i
1 0 4 3 . 7
5
it
1
j
i1
Band Spectrum of  SrOH
A
606
620
626
646 . .
659 
671 
682 
707 
722
I n :a d d it io n , bands a re  t e n t a t iv e ly  a s c r ib e d  to  Sr^O^ 
a t  AA595, 605 and a  m ore com plex s t r u c t u r e  betw een 640 
and 685.
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c o lo u r  d e s p ite  t lie  f a c t  t h a t  .th e  com peting f a c t o r  o f  :
lu m in o u s in t e n s it y  i s  in c re a s e d . E v id e n t ly ,  t lie  g re yb o d y ;£
r a d ia t io n  and band e m is s io n s  fro m  MgO and MgOil seem  to  be 
e lim in a te d  o r  g r e a t ly  re d u c e d . M ien t lie  c h e m ic a l c o m p o sitio n  '
o f  th e  f la r e s  i s  exam ined, i t  i s  n o t ic e a b le  t h a t , in  g e n e ra l, 
th e se  fla m e s te n d  T o  be f u e l r ic h  in  ca rb o n a ce o u s m a t e r ia ls . A
Now i t  i s  known t h a t  te m p e ra tu re  is  n o t H ie  s o le  f a c t o r  w h ich  A'ft 
d e te rm in e s th e  p o p u la t io n  d e n s it ie s  o f  a  c h e m ic a l s p e c ie s  in  - '' 'A l­
an e x c it e d  s t a t e ,  and H iu s H ie  lu m in o u s in t e n s it y .  H ie  n e u t r a l,  
o x id is in g  o r  re d u c in g  s t a t e s  o f  th e  h o t g a se s w it h in  th e  fla m e  •'%>
a ls o  p la y  an im p o rta n t p a r t .  K nu tso n (28) h as exam ined th e  
e m is s io n  o f  m agnesium  in  a h ig h ly  re d u c in g  C2H2/ 0 2 d if f u s io n  ft Aft 
flam e  and fo u n d  an a p p re c ia b le  in c re a s e  in  e m is s io n . H iis  i s  
a s u r p r is in g  r e s u lt  s in c e  H ie  maximum' co m b u stio n  te m p e ra tu re  A
i s  p ro d u ce d  in  n e u t r a l f la m e s , r e s u lt in g  from  s t o ic h io m e t r ic  
m ix tu re s  o f  f u e l and o x id a n t. Any d e p a rtu re  from  t h is  w i l l  'ft
r e s u lt  in  a d e p re s s io n  o f  co m b u stio n  te m p e ra tu re , p a r t ic u la r ly  
when H ie re  i s  an  e x c e s s  o f  f u e l.  ICuutsen e x p la in e d  th a t  H ie  
in c re a s e  in  th e  num ber o f  f r e e  Mg atoms may be assum ed to  
o c c u r b e ca u se  th e  medium in h ib it s  H ie  fo rm a tio n  o f  MgO and 
MgOH m o le c u le s , le a v in g  more f r e e  Mg atoms f o r  e x c it a t io n .  S in c e  ©  
H ie  re so n a n c e  l in e  o f  Mg o c c u rs  in  th e  u lt r a - v io le t :  a t  2 8 5 .2  run. 
and th e re  i s  an ab sen ce o f  s tro n g  fe a tu re s  in  th e  v i s ib l e  re g io n  ft 
i t  may w e ll be t h is  p ro c e s s  w h ic h  a id s  H ie  e iiliancem ent o f  th e  
c o lo u r  p u r it y  o f  H ie s e  f la r e s .  The a p p lic a t io n  o f  t h is  th e o ry  
to  f u r t h e r  p y ro te c h n ic  s ig n a ls  may be o f  im p o rta n ce  in  th e  
im provem ent o f  c o lo u r  p u r it y .  .
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We will now turn from general comments regarding the 
spectra of these compositions to an evaluation of 
photometric outputs and chromaticity co-ordinates, which 
are tabulated below:
Table 9
(Type
i
■ Burn Rate 
-1g.s.I
Luminous
Intensity
cd
X Y Ad (nm)'
'
Pe "
\
‘ 91 1.80. ■_
i io v O o .678 .313 618 -V-"".97
; 97 1.45 ‘ 8,700 ■ .659 .339 608.5 .99
100 .1 •' 0.93' 4,600 .620 .341 '607 .86 I
002 . 1.69 . 20,400 .676 .323 614 .99 !
1105 4.15 114,500 .591 .346 606 .87 / ii
S17QA , 4.30 80,400 .598 *332 • 609 f .74 / 1, A s
188 6.00 90,100 .624- .328 611 .85 *5
209B - 1.15 ;7,100 .672 .322 614 . *; . 95; .
221B 1.58 - 17,600 .617 .325 614 • 82; . j
307A 0.81 170 .655 .318 627 .87> i
406 2.62 43,400
'
.658 .342 605 .99 j
Figure (26) shows the trend in the change of luminous 
intensity with burning rate for these flares with both the , ■ '
ordinate and abscissa plotted, on-a logarithmic scale. It 
is possible to place a straight line of slope through-the .'A;/ 
main group of points which infers that' the luminous intensity 
is a linear function of bum rate.' However, not all the points ‘ / 
lie close to the line, particularly at tlie extremes, and if • : : 
a curve is fitted so as to include .these then the initial: ' / / \/ 
slope for low burn rates is approximately 3 and the final ' /
slope is about \, inferring a cubic relationship changing
to a. square root iT eat ions hip. The lowest point 
corresponds to composition type 307A which does not 
really belong to the other set since it does not 
contain magnesium? but tlie point having the highest 
burn rate corresponds to composition 188 which consists 
of magnesium, strontium nitrate and alloprene. Graphs 
of luminous intensity versus burn rate in tliis crude 
form do not give too much information on the processes 
occurring in the flame. Firstly, photometric measurements 
are prone to serious errors in the red region of tlie 
•spectrum, particularly when pyrotechnic sources are 
considered, owing to tlie fact that errors in wavelength 
identification of aay specific emissions become / 
magnified when multiplied by the CIE luminous responsivity, 
which, in this region decreases rapidly. Secondly, tlie 
compositions examined varied greatly, not only their 
chemical composition but also in proportion when the. same 
reactants were involved in the combustion process.'Thus, 
both the concentrations of the emitting species and their 
temperatures must differ between each composition.
Bearing these points in mind, let us consider tlie 
probable form the luminosity/bum rate graph is likely 
to take. Let us assume that the light which readies our 
measuring device is emitted primarily from tlie surface 
layers of tlie flame (a crude experiment in which dropped 
light from a He - Ne source was directed through tlie flame
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Figure (26) Relationship between -luminous intensity and burn rate for 
red signal flares. y-;k
towards a tuned detector mounted oil a spectroradiometer 
set to this wavelength showed an approximate transmission 
of 2 - 5%). The luminous intensity is likely to be a function 
of surface area, concentration of emitting species and the 
temperature of these species. Considering the Semenenr. 
treatment (2,9) of criticali.ty in combusting gases, since 
detonation does not occur on pyrotechnic ’combustion the 
heat gain/heat loss curves must be of Hie form given in 
figure (27) assuming that Newtonian cooling from the flare 
plume is Hie dominant heat loss mechanism .and that the 
burning rate mechanism follows an Arhennius type of ■ 
relation. There are two extremes which can occur in this 
situation; firstly, Hie temperature of the flare plume 
is almost independent of burn rate or, secondly, that the 
temperature is approximately linearly dependent on burn 
rate. Further,let us assume that the composition of Hie 
products is invariant Upon the initial reactants, i.e. 
the values of (SrOH) and (SrCl) are fairly constant. There 
is little or no information on Hie thermochemical and 
spectroscopic properties of strontium and its compounds. 
Intuitively, it might be expected Hiat over a limited
range Hie surface area would be a linear function of
* «.*4% - *burn rate. Thus a linear dependence in bum rate over
the range that has been observed suggests that Hie flame
temperature may not vary much over the very different
compositions examined. The fall-off of the curve at higher bum
rates may, therefore, be indicative of a rather rapid A
decrease in the rate of change of flame surface area with -
Rat
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Metastable combustion
Rate of loss of heat from system 
(Newtonian Cooling) -■
Rate of production of 
x Heat by system
Stable combustion
Temperature
, . - ■ , ?*■ Figure . (27) Schematic view of combustion according to Franlc Kamentsky. .y
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main emission from Hie SrOH and SrC 1 bands as coming 
from ’Hie surface, it has been observed Hiat Hiese 
specific emissions are reduced in greater proportion * /.
than the greybody continuum when subjected -to wind 
tunnel tests in which the wand was directed along the - 
candle axis in the direction away from the burning surface.
The chromaticity co-ordinates together wiHi the 
dominant wavelengths and colour purity are listed in 
table 9. The table confirms Hie often quoted trend that 
increases in the luminosity of red signals.- produce a 
decrease in the colour purity and dominant wavelength. This 
is understandable,,since increases in luminous intensity 
for a given flare size:are usually accomplished by means 
of Hie use of relatively greater amounts of magnesium in . 
the composition. This enhances Hie formation of the MgO 
bands and the greybody emission associated with the solid 
oxide, resulting in Hie chromaticity’co-ordinates moving 
towards the white point (.333, .333) on the CIE diagram. 
Figure (28) shows a plot of the co-ordinates on the red . 
region of Hie CIE. x,y diagram and. includes a. portion of the 
spectrum colours and the ;chromaticity co-ordinates of Hie v 
blackbody. Tlie main feature to note is that the colour 
points fall some distance away from Hie British Standards 
Specification for red signal glasses. This is not 
surprising considering that spectrally a flare is made up 
of a collection of heterogeneous emissions relative to
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that: from an electric signal light. Nature is in this 
instance on the side of the pyrotechnicist, in'that, 
when a flare is viewed over a distance' it is the shorter 
wavelengths which tend to be preferentially scattered 
thus improving the colour purity and to some extent ; d/. ' .
increasing the dominant wavelength. " . 7'/ v-Vi ■'
It is interesting: to record some attempts which y
have been made by. the author to increase tlie dominant wave­
length and to bring the chromaticity co-ordinates towards Hi . 
the boundaries defining the red signals. Figure (30) shows/ •'> ' 
an experimental flare composed of magnesium (40 parts), ,7’/y.7'
strontium nitrate (40 parts) and P.T.F.E. (20-parts) ./They; / 7'7.' 
spectrum consists of SrF bands mainly, with the potassium .- ■ / ’'// 
and sodium resonance lines present as impurities. Although " . '
the SrOH hand is observed as a strong emission at 606 nm * 7' /y/:// 
its presence in other parts of tlie spectrum is' notably , •./ • 77- '■/ -■
. absent except possibly at 620 nm, which .is in contrast to' I. - //■
the spectrum obtained with P.V.C. substituted for P.T.F.E. \ -
in. which the system shows up strongly through tlie spectrum. /. ~ 
In addition there is an emission at approximately 863 nm /■/'/...? 
which is not normally observed. This may be attributable 7/ 7 1 V7 * 
to SrF, but no mention of an SrF band in this region has / ;/
been given in tlie literature. In contrast, tlie Ti/Sr(BrO^)2/
P.V.C. flare shows a greybody emission with a superimposition /F//.- -
of SrCl, SrOH mid SfBr bands. An interesting feature in ’ / . '77
this spectral /power' distribution is a strong band emission x *,
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near '715 ran to which tlie assignment TiO (712) can be made. 
Certainly, there are no references to an emission at this 
wavelength due to SrBr, SrOH, SrCl and it is extremely 
intense when a comparison is made with the MgO band systems 
which have so far been observed. Tlie relative spectral power 
distribution of this, composition is given in figure (29).
7.3 Green Signal Flares and Related Compositions
Tlie. section discusses tlie spectra observed from flares 
containing barium nitrate and those which contain a chlorine 
carrier with barium nitrate. Tlie latter compositions form tlie 
basis of the green signal compositions. * •
. The earliest use of barium nitrate as an oxidant was 
during World War I. It was an ingredient in an illuminating 
flare composition which also contained aluminium and sulphur. 
Later compositions used magnesium and wax or resin formulations 
with barium nitrate but in due course they were replaced by 
magnes iran/s odium nitrate/barium nitrate compositions. Cackett 
(9) gives an equation for the combustion of magnesium with, 
barium nitrate as
8 Mg + Ba(N03)2 + 5 MgO + BaO + M g ^  + 177.5 kJ
According to this scheme the stoichiometric mixture contains 
42% magnesium. No thermo chemical calculations have yet been 
computed for these mixtures.
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According to this scheme the stoichiometric mixture contains 
42% magnesium. No thermochemical calculations have yet been 
computed for these mixtures.
After the introduction of the magnesium/sodium nitrate 
composition,for illuminating purposes this class of composition 
has been used, with the addition of a chlorine carrier in the . 
mixture, as the filling for green signals. The most common 
chlorine carriers used are potassium perchlorate, chlorinated 
rubber and polyvinyl chloride. Hie last of these has the effect 
of drastically reducing the burning rate of the composition.
Alternative compositions now exist, one of which 
incorporates strontium nitrate, one contains barium nitrate 
and one a mixture of the two. Hie object of these additions is to 
provide a good white illuminating composition without the major 
drawback of use of magnesium/sodium nitrate systems where there 
is a tendency under practical conditions for the filling to drop 
out during combustion. The composition also has a. tendency to 
break up under extreme acceleration forces such as those 
encountered in artillery illuminating shells. It has been 
found that when a mixture consisting of four parts barium 
nitrate to one part strontium nitrate by weight is used as the 
oxidant with magnesium fuel then a~ flare giving a good white 
flame with a specific intensity, (candelas/square inch of burning 
surface) of about half that of the magnesium/sodium nitrate flare 
is obtained. Similarly, if a mixture of barium and sodium nitrates
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are combusted- with magnesium tlien a .very even burning flare ■’if- 
is achieved, but again the specific intensity : is much reduced- b/FF 
in comparison with the magnesium/sodium nitrate flare.
The compositions examined from this class are, listed in • y 
table (10) which includes the average values of; luminous ; infensity 
and tlie chromaticity co-ordinates evaluated from each spectral % - 
power distribution. ' '-,// ■ 7 :b, F'b
Table 10
Type | Constituents
■..’........*. ......  .
Luminous
Intensity
kcd
b x
...7 ;~T
y /j- \
" .77 d
Efficiency > 
kcd. S> g7-yb - “
103 Al, Ba(N03)2,S,B.L.0 32.8 .418 .420 ■ \b 5.8 >;«$>'. -
COCO Mg,Ba(N03)2>Sr(N03)2 >7 •'' 7 :>-/>;
Chlor.Rubber, B.L.O. -y. .. 1.5 .595 >.392 0.9.' ■ '
: 95 Mg,Ba(N03)?,Sr(NO,)9
pvc, l .v: .  ^z 29.2 .459 .480. 7 • 16bi'F>bw
118 Mg,Ba(N0 )
Dichlorourea, L.V.* v; 6.9 .285 .611
* >' * ’ •;!'•** j
• 3.8 v |
193 Mg,Ba(N03)2 i ’ v V* ‘ ob ’ ]
Chlor. Rubber . 50.5 .321 b .481 . ;/ : 9.0 / • •;
428 ! Mg, IC CIO Ba CIO.,
; Starch, B.L.O.■ 33.9 ■ .327- '• " .580 13.5 ;./>;'••
429 Mg, KC10., Ba CIO, 
Lactose,4B.L.O. 7 " 58.7
■ ■" I
.291 .572
* * yv ■<
13.8 b':>: •
485 . Mg,Ba.(N03)2
Chior.Rubber, B.L.O. 5.1 .396 / .577 F/b 2.5
486A • Mg,Ba(N0 )?
Chlor.ParatWax, B.L.O. •17.8 . 327
■ ' .643 , ;6b5^ :.bbb
702 Mg,KC10., Ba(N0,)? 
, PVC B.LTO. J z 27.9 .259 .640; 7>1
703 i Mg.jKClOb Ba(N0,) ? Chlor;Rubber, B.L.O. 5.0 . . 280 > .618
■ j
;. 0 :b •- ‘b :'/•■‘ilfii'-y:?. y/fe;l67'5'y;b:
•y. . / / '
;F FVv i : > v I  lb " - V
J] ■ AV -V n\l*. .A; '• ZC "A- + S ////I: ■* /7%ft v;- A;./ , A s ftftftAA’ft.'. *77■ = V.- ' ’■ ' , ‘ ■ '
.W. >:■/;?. M-v jtiV ' /% g ; ■
/ •; £ ;?. V. • s".
k ‘ ? F*.;JA: ;*A 
A * Z * t. ’* ' 
r vt'A’A- Ah
3. 300A Mg,KN0x, Ba(N0A?
B.L.O. . T ' 8.5 .358 .434 /'■■ 3.6: A-ft
4. 558 Mg,Sr(N0,,)7, Ba(N0„) 
Bakelite Varnish 30.4 .552 .398 '
/ ’ ’ * 
28.6
5. 4-13A Mg,Na NO„Ba. (NO+) 9 s**' 
Mannitol, L.V. 46.4 .491 . .452 ;;7- 20.6*
502 ti 54.0 : .548 .439 20.3 A
54 5A tt 88.7 .535 .424 27.0 ftA-./ ,; ! 
58 3B'! ** .»- ft
Mg,NaN0 Ba (N0~)2 . 
Ivory, Acaroid Resin 13.7 .547 .434 6.4, . 7; .
y S83C Mg,Na NO~(Ba(N0~)9 
Mannitol, Acaroid REsin! 22.2l .552 .437 ft
yd' ; ‘ , 
16.7 A' ;-
i . ‘ ] | ’; ,.K; :
The chromaticity co-ordinates given in tlie above table for* 
tlie green signal compositions, i.e. those falling within ■’ • ■ 
category 2, are plotted on a portion of the CIE chromaticity 
diagram. A part of the British Standards Specification for 
green signal glasses is also plotted on the diagram and it is 3 
noted that all of tlie pyrotechnic green signals fall outside 
the area of tolerance defined by this standard. Using the 
American AAR Signal Section Specification 69 - 40, 1940 to 
define the tolerance area it is found that composition type 
193. falls inside the boundaries. The dominant wavelengths 
and. colour purity of these compositions have been, evaluated 
and are listed in table (11) and the chromaticity diagram v 
is given in figure (31).
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Figure (31) Qiromaticity diagram for green signal compositions giying
. ■ / ) part of the limit of B.S. tolerance for green signal glasses.
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T a b le  11
Composition A d 
in nm
1;
% Purity 
Pe
485 563 93
486A 553 94
428 553 76
193 551 44
429 545 62, i
’ 118 545 71 i{
702 542, 73
703
i.. .. _ .
540 74-
It shoulcl.be noted that tlie fact that the chromaticity 
co-ordinates of the green signals lie outside of the 
specification for signal glasses is not too critical in this 
region of the CIE chromaticity diagram. This is because in 
tlie green region the minimum perceptible difference observed 
by the CIE standard observer between 'two colours, corresponds 
to a large difference between the chromaticity co-ordinates of 
these colours. This may be seen, for example, in Nutting's 
data on tlie perceptibility of chromaticity differences in which 
elliptical locii corresponding to chromaticities separated from 
the central point by ten times tlie standard deviation of . /-( 
chromaticity match. The ellipses in the region under 
consideration have a tendency for their semi-major axes to lie
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in the y direction with a magnitude of about .05y and 
their semi-minor axes lie roughly in the x direction with 
a magnitude of about .025x. It may thus be seen that judged: ‘ ■ ';*>■> 
on this somewhat arbitrary criterion, tlie gamut of the 
chromaticity co-ordinates of these flares fall within about ; V—-
'•the areas of two ellipses. ’ , ■ A •
It is not possible to make any,general remarks regarding 
the luminous intensities or efficiencies of these compositions 
• since the compositions themselves contain a rather mixed 
selection of binders. For example, tlie compositions 58SB and 
583C. contain identical amounts of irigredients except that; 583B A  A 
contains ivory powder whereas 583C contains mannitol.; however, 
-although the chromaticities of the two compos itions^  are very r Vi-,; h 
similar Hie luminous efficiencies differ by a. factor 'A A"*
approaching three. « : A --v
The spectral power distribution observed from composition y y 
type 103 appears to be a. continuum with a few lines ox. bands A V - 
weakly superimposed. The maximum in the distribution occurs ’ at VAy- 
about 800 nm and through the wavelength range 500 nm to fr
800 nm follows the same relative spectral power distribution as' 
a blackbody at 2900°K. A
Hie continuum presumably arises from incandescent particles y • 
of aluminium oxide at approximately this temperature. Hie sodium 
’D1 lines are seen in emission at A590 nm and tlie potassium -A’V' 
resonance lines at A - 769 am, presumably arising from impurities V:
in the ingredients. The green signal compositions,. which, dfe AA- 
characterised by the number 2 in table (10) rely on the A Ay.; . : t 
formation of -the bands of BaCl at AA513, 524 and 532 nm for > -Ay 
their colour properties. A noticeable feature of all barium- A 
nitrate containing compositions is the strong near infra redA. A,; 
emission from A 800 nm upwards. The origin of this emission y; , A" 
may be thought of as being partly due to BaOH (AA 828 and ' yA'A
are worthy of further attention being paid to them.
Barrow and Crawford (30) have studied the BaCl infra red .yyAk
25 bands into a second scheme with tlie 909.8 band as the (0,0)
distribution was measured it is apparent tliattlierearemore ,y  
band systems in this region tlian those m
search through the literature available ■ 
region gives little information on the si
system and have found that a number of close sequences of apparently
observed weakly in this study.
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Tlie band spectrum of BaOH has been studied by James 
arid Sugden (31) , Bulewicz (32), and Charton and Gay don: (33) . ■ "
The information on tliese bands seems somewhat 1 united but /.
there are bands in the green region of tlie spectrum with 
maxima at 487 nm and 512 nm. In addition there are bandsAiri A A A  V ' 
the near infra, red between 712 - 758 nm and" 783 - 839 nm. Hie vv 
■appearance of these hands is described as diffuse and headless. A 
Mavrodineanu and Boiteux (27) report broad diffuse maxima dueAA A; 
to BaOH at 828 nm and 867 nm observed in the outer cone of A,, A-- ;- 
a C2^ 2 - air flame. " A'A
Hie spectral power distributions measured in this study rA 
also show many of the bands of BaO. Lagerqvisf et al (34) • A-
describe a system which is degraded to longer wavelengths in
the region 790 - 427 nm. Hie stronger bands at 649, 629, 616, f  
610,. 604 and 594 nm may be seen quite well in these spectra.
In addition, tlie band system of the polyatomic oxide, whidyy A  ' •
Gaydon favours to be Ba202 may be seen at 818 and 865 ran. - A
In tlie case of tliose compositions containing sodium nitrate, 
potassium nitrate and strontium nitrate with the barium salt the 
usual spectra described previously arising from these salts is 
superinposed upon the above description; Hie main features in r 
each case are tlie sodium resonance line broadening with the (DA 
line absorption, the potassium resonance lines, and the red band 
system of SrOH and SrCl respectively. • • A'. • v-- . y
spectral power distributions for the existence of tlie 1^0 7 y:
bands at 967, 928, 892 and 810 nm presumably derived 
from the combustion of the organic binders . such, as ‘'litho­
graphic vamish or linseed oil which are present in the y A
composition. Ay. . . . '77k . .: . - ,'y
•-7.4 Infra-Red Flares . y A- \.A/•; * A
For many years tlie best infra-red emitting source was Ay-A 
the magnesiipi/sodium nitrate flare and indeed it is- still;. Aft . ft ’ .. 
used today in cases where there is a requirement for a good . y. 
y output in the visible waveband .in conjunction with, a, strong : Ak
infra-red emission. The infra-red character is tics of these .7 A 
flares was by no. means satisfactory and a coihpositiori;was y -y- y -
developed which exhibited essentially a grey- or . blackbody • ./'4; : 
cliarac.terist.ic through the waveband 0.4y to .6p. These 7-• 
compositions consist of a mixture of magnesium and P.T.F.E. . . \
powders, Tlie compositions examined are listed-in table (12) 
below wutli values of tlie luminous/ intensity chromaticity . ’ 7-
co-ordinates and correlated colour temperature. , y 7 ''kyA;Vy... ;iy
T h e re  may a l s o  b e  some e v id e n c e  from  some o f  th e  1 '  A
Table 12
Composition Luminous Intensity 
lccd
Chromaticity 
x 7 y
Correlated 
Colour 
Temp., K 7
880 1.4 - : ’ .458 .467 3370
ft ■ y 881A •/ 25.8 y .472 .434 2700 .A
A A' 882A'“ 34,7 A ,453 • 448 3140
883A ; 65.8 : , 1462 .433 2800, A
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The chromaticities of the flares have been plotted 
on a portion of the" CIE diagrmn which includes tlie Planckian 
locus and its isotemperature lines in figure (38)< It can be 
seen that Hie cliromaticities approach the Planckian locus 
fairly closely and yield quite high correlated colour 
'temperatures. ./■ . .• .( '• v ' -
!£he/ spectral power distributions observed from these::;' , 
pyrotechnics, are essentially greybody in shape with a few 
features. Hie greybody continuum presumably arises from 'the 
presence of incandescent particles of carbon in the flame. •
SOME PHYSICAL PROCESSES OCCURRING IN PYROTECHNIC FLAMES
PHYSICAL AND CHEMICAL PROCESSES IN PYROTECHNICS AND THEIR FLAMES
Two of the major problems which beset tlie researcher in 
the field of pyrotechnic systems are the paucity of data 
concerning the physical properties and the chemical mechanisms 
which control the way in which combustion in tlie solid and flame 
occurs. The main object of,.'this chapter is to lay down, in simple 
terms, a few of tlie salient features of the combustion processs 
and to loolc at specific aspects which have relevance to tlie work 
described.previously. ■- ' y . • y
'* - ' Much of the material in Part II is a review of other, work, 
mostly deriving from rocket .propellant research. However, the 
application of tlie results of these theories has been extended to 
the pyrotechnic case. It has been necessary to attempt to apply 
the theory to compositions which have been largely empirically . 
produced, and it is rare to find a case where one ingredient 
and one ingredient only has been varied in a systematic way. In 
the case of this particular study it was felt necessary to­
re view tlie whole field of pyrotechnics in order that others yh- 
would have the opportunity to, extend the work by making an :' -yyA 
extensive study of one class of pyrotechnics of particular use.
8.1. The Combustion Process - - h yv-y-A
There are two basic criteria which categorize the ’AyA 
process of combustion as being distinct from all other 
forms of chemical reaction. Firstly, the existence of .. i; 
a moving reaction zone, which may be defined as being ;
a region, of high temperature which separates the 
products of combustion from the initial reactants. 
Secondly, there must be an absence of a discontinuity in 
the pressure in the flame or reaction zone, i.e. there is 
no explosion with its associated shock wave.
The former condition excludes most of the. commonly 
encountered chemical reactions in which all tlie reactants 
are at tlie same or nearly tlie same temperature throughout 
Hie reaction vessel, and additionally are homogeneous when 
considered on a macroscopic scale. . The second condition 
precludes the phenomenon known as detonation, but not 
explosive deflagration. Hie combustion of a pyrotechnic- 
is an oxidation/reduction reaction in which Hie oxidation 
of some of the components, (Hie fuel), proceeds 
simultaneously with the reduction of the remaining 
components (Hie oxidant). The pyrotechnics most commonly 
encountered consist of mechanical mixtures of finely 
pulverized fuels and oxidants, primarily in the solid 
state, which are Hien highly compressed for Hie purpose 
of controlled burning. On Hie microscopic scale Hiey 
are heterogeneous, consisting of an intimate mixture of
t
powdered fueld and oxidants, the latter often in the 
crystalline state.
The most commonly encountered model to represent 
pyrotechnic combustion is shown in figure (32) . This 
consists of a semi-infinite slab of solid reactants to
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to the left.of Hie. origin which is taken to he the/: 7 \ 
burning surface. There are three ill-defined boundaries/ , 
in: the solid. Firstly, a region close to the left of 
the origin at which the reactants are at, or very near, 
the ambient temperature. Secondly and to the right of this 
boundary, a solid phase induction region which extends to 
the solid phase reaction layer or burning surface wliicli c 
comprises the third boundary. Above this reaction layer 
there exists a region called Hie gas phase induction 
region in which the products resulting from the 
decomposition of the oxidants and Hie metal powdered 
•fuel react progressively faster as they progress towards 
the right of Hie burning surface.’ Iii the gas induction 
region the mean temperature rises exponentially until 
the evolved gases reach the flame front-where •,it ignites 
,and burns essentially to its products in Hie gas phase 
reaction layer. The emissions observed using Hie spectro- 
radiometer are derived from the burnt gas region.
In order that a combustion wave may be propagated 
-through Hie pyrotechnic composition it is necessary that 
Hie material ahead of the burning surface must be raised 
in mean temperature to a level where a strongly exoHiermic 
reaction can occur. Most frequently it is assumed that the 
uncombusted reactants are impervious so that Hie primary 
heat transfer mechanism is by conduction. If this is the 
case then Hie rate of heat transfer will have a linear y
-179  -
dependence upon the thermal gradient which, will depend 
in turn on tlie temperature of the solid phase reaction 
layer. In order to define this temperature a further 
assumption is made in the model that there is a change 
of phase in the solid phase reaction layer and that 
the products of decomposition are completely gaseous.
In the case of pyrotechnic compositions this assumption 
is not always justified since many of the combustion 
products are solid. For example, thermochemical calculations , 
show that the theoretical adiabatic combustion temperature 
is determined by the melting point of the metal oxide in 
the products. In this case the temperature of the burning 
surface corresponds to an ill-defined point on the 
temperature/position curve where the heat of reaction, becomes 
pronounced. Ibis is shown schematically in figure (32) by 
the point A. The model has been used with, success on composite 
base propellants and. further refinements include an 
incorporation of a ' two-temperature1 burning .surface which 
will be discussed later. *
Klein et al (35), Hill (36), Sbidlovsky (37) and 
Radinovitch (38) have used this, kind of model in order 
to evaluate the activation energies of the c o m b u s t i o n * 
process. In the steady state, the heat balance in any 
plane at right angles to the direction of propagation 
of the thermal wave is given by
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where Kg is the thermal conductivity 
Cs " " specific heat
Mq n " mass burning rate
T ” " temperature at the burning surface
T n " temperature0C
x n " distance of plane from the burning surface
t[(x) " rate of heat release by'chemical reaction
Klein assumed that at low7 temperatures =0, (see- later page)
so that integration yields
T - To - - T0) exp [- Mo Cs x/Ks]  ...(68)
Let us now insert some typical values which are estimated
from the literature. For a Mg/NaNO^ flare, type 568
M = 5 g.s"1o 6
Kg = 1.45 x 10~2 j. M"1. S"1. °C"1 for Mg
K = 1 x 10  ^j .M S 7. °C for Na NO,, (estimated)..O r
Cs = 1.18 j .g"1. ‘V 1 for Mg.
Cg = 1.76 j.g-1. °C_1 for Na NO,
lie average specific heat for the composition is 
approximately 1.5 j. g  ^°C 7. The thermal conductivity 
is most difficult to estimate since it is certain to be
seems likely to approach 10"3 j.M~\ S"1 °G~1. To find the
value of x at which T - T has a value of one e^1 of T - To . . s o
we take logs thus obtaining
_ Iv 10 3 , , ,x - s =  « 1.3 x 10 metre
M C 5x1.5 o s
a  fu n c t io n  o f  th e  b in d e r  and  p r e s s in g  lo a d .  I n t u i t i v e l y ,  i t
Thus it may be seen that the depth of tlie solid phase 
induction regime is small.
Hill (36) has studied the reaction of iron with potassium 
pergamganate (a thermite type of reaction which the products are 
virtually gas-less) using the equation:
de , 1. d
^ dt .y2 dt
K dT 
s dt
= C p dr ...(69)
s " 3t
-3 'where p^.is the density in g.m
- 1q M 11 heat reaction in j.g
e " extent of tlie reaction
t " 11 time
v " " linear velocity of tlie combustion wave
Since v = MqCs it may be seen that (69) is the time dependent 
form of (67) with the addition of a rate of reaction term to 
tlie heat balance. By integration it is possible to obtain
qs » 4  h  = P, Cs (T-To) . ...(70)
V dt
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where Cf, is the average specific heat between T and Tq 
Rearranging (7)) yields
e 1 (T - T ) v o
K dTs .  . 
C p V2dt
S 7T
(7 1 )
using the boundary conditions that when t-*», e-AL, dT//dt»0 • 
at T =. T^ .
When e-O, i.e. at tlie very start of the combustion process in 
the cold pyrotechnic, we obtain tlie limit.
Hill measured tliis limit from which he was able to calculate v' 
and compare this with tlie experimentally observed results which 
showed good agreement. Substitution of v enables e to be calculated 
and from a graph of e versus t, tlie rate of reaction could be 
calculated at any point on the curve together with activation 
energies. At low pressing loads Hill found that the agreement no 
longer held between a simple conduction process and tlie 
experimentally observed results. No doubt this, is due to the increase 
in permeability of tlie composition to tlie flow of oxygen obtained 
by the decomposition of the oxidant resulting in an inflammation 
rate very much greater than the combustion rate. Hie inflammation 
rate is an ill-defined term but is taken here to mean the rate of 
burning of the loose powder. Experience has shown that for many
(T “ Tq) -> 0 J > T 0)
lim dT/dt (72)
184 -
pyrotechnics* low pressing load, such as'less than 2 tons inch©;?; : 
can easily result in a detonation of the composition. -AAA AA/A'
y We7will now consider .tlie solid; phase reaction zone lyhicH .is V 7
•the, most difficult region, fo understand, owing to our lack of 7y *. 
knowledge of the basic processes of solid phase reaction. Let us -i 
consider first, that the process is one of vaporization at the 
surface so that the reacting layer is only one molecule thick.
The, time of the vaporization process is known to be of the order 
of 10 7 to 10  ^seconds so that any changes in the combustion A/l A 
parameters would be essentially adiabatic processes, arid the 
reaction rate would be entirely determined by the ’surface' - A 
temperature^  which, is often assumed to follow a temperature - "A 
according to an Arrhenius function, there being a lack of knowledge 
of other suitable functions. This model is obviously • y, y. k 
unsatisfactory since molecules just‘below the burning surface Aj'A 
where the temperature is just a little lower may also be A AftA 
decomposing. . , y:/y • ■
An example of this may be seen by taking composition 
type 550 which has a heat of combustion Of 8.4 kJ. g . "77/Ady Aft, 
Assuming that radiative transfer from the gas phase reaction 
zone is the main heat transfer path back to the burning surface A . 
and that the entire extent of the reaction is estimated to be) ... 
about 4 kJ. g 7 of combusted composition and is absorbed by A ; ,f: 
the 'cold' reactants. Of.this quantity, .55 grams are magnesium 
and .40g are NaNO^ . Talcing tlie. sodium nitrate first, tlie heat A':A  A 
absorbed during the pre-reaction stage is
-  185 -
0°C '■ ->• 276°C yby : ' Cp x 276 = 150 x 276 = 41 >4 kJFmole"1
a - [3 Transition: " • - ■ 3.4 IcJraiole" 4 : ■ :-
276°C yy- 360°C ‘j : : 150 x 30. :>F 4.5 kJ.mole" 1
.(s) + (1) . : . ■ « 3.5 kJ.mole b - •
.,.(1) -b decomp.at 380°C to Na20 + N02 = 11.5 kJ.mole~bjy
b by.' -• ‘ • , V  64.3 kJ.mole bay/
Mg 7 , : : - ' v'F , ' vy
0°G 650°C : 28.6 x 650 b .= 18.6 kJ.mole^lbbw,•
(s) Cl) -F (650°G) : b/F'- • • V  / ' . . = 9*0 M.niole"b>%F;:
(1) , 1117°C : F'35.4 x 467 -y/ -b ' ' y 16.1 kJJtold"1^ .  >.•'
(1) (g) • :’ b . b; ' \ . =129.0; led♦inole"^ /?/.' /■>
• ' . ;■ . y- ■' .-/.by ' y b -. Fy • 3.72.7 ^ b ^
Considering the heat evolved during tlie decomposition of NaNO^ 
to be included in the total heat of combustion we see by this 
crude calculation that the heat absorbed by the reactants is , b b;-b:F 
1 about ;b ; ' bb . '■ ■ / •/J - v;..
.55 40 It
f f  x  172.7 .- + x 6 4 , 3  - 4 . 0  kJ.g- ■ -y,
■ Thus tlie 1 temperature1 of the burning surface is likely to be 
about -that of the boiling point of magnesium (1117°K) and possibly
the rate of vaporization of. Hie metal, is the rate controlling
.step.;: If we substitute Hie decomposition, temperature of sodium ’ -* 
nitrate, and Hie melting point of Mg into equation (68) we 
obtain, using Hie same physical constants, x - 10 m. Thus, y / .
although the solid phase reaction zone is small,.the depth . y
at which decomposition starts to occur lies many hundreds of ''Fy
: •  f  • ;  /...- / - b y  -  186 -
molecules below the surface. Hence,,in addition to temperature , 
the reaction rate will depend 011 the thickness of the reaction 
zone, and the Arrhenius function cannot fit tliis type of A
combustion.
Let us now consider the processes which may occur in the 
flame in a simplified model, see figure (32) . Suppose that the 
gas phase reaction, in which most of tlie heal is- evolved occurs V % 
in a definable region some small distance away from the flame,
6. Hie heat transfer from tlie gas jiha.se reaction region back to 
tlie burning surface will depend upon the magnitude of 6 and of . 
the thermophysical constants of tlie material being evolved from v 
the burning surface, in the well-known form
A  CTf - T s) 
o
where K is the average thermal conductivity of the gas, Hie 
next question to be answered is what is the dependence of 6 
on the rate of regression of the burning front v and on the 
ambient pressure.
Experimental evidence suggests that a function of the form:
6 « 'y where v in turn is a function of pressureV.lQ.
0 3 • ' - • . . . 'approximately of the form v a P * might fit the model
where y is a constant which normalizes the result to its
appropriate units. We may rewrite equation (67) in the form
F CTf - Ts)/v = p/v L - K s (dT/dx)s
where F = IC /y
S
and L is tlie heat o£ the phase change of tlie solid i.e. the 
solid is raised in temperature, decomposed or vaporized 
directly to the gas phase, and. there is an endothermic change.
We have shown earlier that in tlie solid, the solution for 
the temperature distribution, assuming that the solid is a 
one-dimensional slab, is given by
(T - T0) = (Ts - Tq) exp -M0Csx/ICs ...(75)
which by substitution of a = K /p Ck gives
(T V  = (Ts " To) exp i-vx/aj ...(76)
where a is known as the thermal diffusivity. Using the above 
equation we may compute the value of the temperature gradient 
at x = o and substitute this into equation (74) obtaining 
the following relationship:
F (Tp - T )
p 2P C vT S
L + T - T.SO 1 (77)
It is often assumed that the burning rate v is related to. the 
surface temperature Tg by an Arrhenius relation
v = B exp ■■E/RT ...(78)
Unfortunately, the accuracy of this relation has never been 
verified for burning pyrotechnic compositions and is blown
-  188 -
to hold only over limited temperature ranges for composite 
solid fuel propellants. However, considering.the gross 
simplifications which have been made in other parts of the .. 
treatment, the assumption is not inconsistent. Substitution 
of (78) into (77) yields the following relationship between 
the physical.constants of the solid composition,.the gas y.A 
phase induction region and the dimensionless temperature 
ratios Ts/tf,Tj/T£: .
p CB277
F
h e  Tf + Ts/Tf - v A
T T s f
- exp2 f
: . y v
The solutions of T /Tr for values of p GB2/F with. T. /IAO.12% s' f 7i iv ±\- yy
(assuming T£ = 300° K, Tf = 2500°K), L/C T£ = 1.04 (using AA;A 
figures obtained for composition type 550, a Mg/NaNO^ ; flare) 
are presented in figure (33). vA-AA :
Values of E/RT£ = 1,2 and 3 were chosen from typical data 
relating to composite propellants, which are likely to be near . 
to the values for the flare composition*in question. The A  A-- 
surface temperature may be computed, using the values of the 
parameters given above, as a function of F. These results a.re; 
presented in figure (34) , for tlie cases E/RT£ “ I, 2 and B
_9 -1 —1 • .• ; • • • • -7 yv. ■10 , 10 and 1 m.s. .It is estimated that AFyis likely-
lie in the range of 10° to 10 since Kg must be about lOA A' 
j.nf^.s °IC  ^and y must be around 10 9 to 10 2. If this is 
the case then the surface temperature resulting from either f -
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-2 - 1of the assumptions that E/RT- ~ 1, B == 10 ‘m.s or
E/RT^ = 2, B " 10  ^m.s 7 fit the estimated temperature
based on heats of combustion and heat losses fairly well,
i.e. this temperature is of the same quantitative value as •-*; ■
that of the melting point of magnesium.
Unfortunately, a direct test of this is not practical. > v  
For example, the use of thermocouples is ruled out on several 1
grounds: a) the size of tlie thermocouple is somewhat greater y
than the dimensions of tlie region in which the measurement is 
to take place, b) the frequency response of the thermocouple, 
and measuring system is inadequate owing to the thermal :y+
capacity, and c) heat losses through tlie thermocouple and A
oxidation of the materials used. Optical methods axe imppssible ;:; 
owing to the opacity of the flare.
So far we have looked at a simple; model describing 
pyrotechnic combustion and although some useful . conclusions y 
can be drawn from other more elaborate theories, the understanding 
of the burning mechanism of composite propellants and pyrotechnics 
can be regarded at the present time as only of the significance 
of the combustion parameters. A survey paper by Green, Penner 
and Schultz (39) reviews many of these. All the theories make 
use of the assumption which we have used earlier, that the 
rates of regression of both fuel and oxidant are governed by y 
equation (78) which relates the solid phase decomposition ' 
rate as a function of temperature. yky
For the steady state burning of a pyrotechnic, it is
reasonable to assume that the mean rates of regression of the:
fuel and oxidant surfaces vr and v are about equal. Thisf o
implies - ; (;.k
Bf exp -Ef/RTs£ ? B exp -E /RT 
o L 0 so
. (80)
In general, Bp/ B^  and Ek / E so that T - j T . This k-. ;
X O r  O S l"  S O  i r * A '  : \
conclusion forms tlie basis of the ’two-temperature’ theory 
of solid burning. Because of tlie difference in the pyrolysis kk.Y; 
rates (42), the constituent-is vaporized relatively faster 
and the slower decomposing or vaporizing component is left - kk 
sticking out from the burning surface. The faster-vaporizing 
component is then surrounded by a cooler region of the flame so that 
eventually the two rates stabilize. • • ' , k: . / AV' kk
In order to pursue this model it is‘ necessary to assume k;"k. • 
something about the heat exchange between the flame and the 
burning surface. Green et al show that two types of process 
can be considered, thermal decomposition of the oxidant and •; 
the diffusion flame. , : k- -
Tlie former process provides a model of the flame which • . y
- *;:•*.. •, ■ y, y -i
has been satisfactorily developed in the case of an ammonium At,
nitrate propellants in which the pyrolysis rate of tlie • yy_ -■_
oxidizer is the fastest. It is assumed that the regressioii is
controlled by the heat excliange between the surface and the k,r.
products of tlie decomposition of NIl^ NO^ . As described above ;-k -
. -  : •••. -  . .k/yA
eventually the fuel protrudes into the higher temperature . rk ;kY
region so that both rates become* equal. Hie process/is-:'• / byF 
self-regulating and the mean burning rate of the/propellant’tip 
is equal to the regression rate of the oxidant alone, since 
there are always enough oxidant surfaces to carry on the. - 
flame propagation. The: diffusion flame model developed from — ’ 
the observation that flame pictures of ammonium perchlorate 
suggest that oxidant particles project from the fuel matrix, 
in contrast to ammonium nitrate. Summerfield. and others : 
have developed a model in which, heat reaching the burning 
surface is derived from’the diffusion flamelets at the 
boundaries of the oxidant and fuel vapour streams (40) .
However, a more recent work by Boggs et al (41) shows that 
this type of structure exists only in the high pressure 7 •„/ 
regine (2000 - 4000 p.s.i.) below this the burning surface, 
exhibits a decomposing froth with a smooth, planar regression 
of the burning surface, and above this the surface exliibits 
a needle-like structure, with tlie surface regression planar . 
and a flat gas phase flame visible. In addition, the presence" 
of foreign atoms in the .crystal lattice, of tlie ammonium /,;i - ■* 
perchlorate causes marked changes in the above patterns of 
burning. Boggs has shown, that the froth contains an enhanced 
concentration of potassium impurity. •
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As a result of these departures from tlie simple model, 
Summerfield. has developed.a more sophisticated theory, known 
as tlie ’granular diffusion flame model’.. In this: model it: is - 
envisaged that as Hie composition is heated,/fuel vapour 
pockets are expelled through Hie solid surface. In. addition,
it is assumed, that the ejection and break up of the pockets 
. takes a finite time chemically and thisleads/to the . A  
possibility of oscillatory combustion under certain modes 
of burning. The mathematical description of the model is 
exceedingly complex and as so many of the variables can be 
adjusted owing to our lack of knowledge of the burning 
process, .it is difficult to draw definite conclusions®.
.Summerfield’s model is an extension of iron Karmen's model 
which describes how low frequency oscillation can occur in 
liquid fuel rockets (42). .ft./-
8.2 .The Combustion of Metal Particles and Wires
The combustion of metal particles and wires exhibit 
peculiar features arising from the. production of relatively 
non-volatile oxides. Such features as agglomeration, radiative 
heat transfer, accumulation of oxide on tlie burning surface 
etc. make the task of developing theories intended to predict 
tlie burning rate and flanie structure extremely difficult. \y 
No simple model has not yet been set up which will account for 
features such as those mentioned. The• investigation of tlie y . 
burning rates of metals seems to be directed experimentally 
towards the study of the combustion of singlemetal particles, 
whilst flame structure is investigated using metal wires.
This probably arises, from the present limitations in the A , 
resolution of high speed colour cine photomicro graphic ’•;< 
techniques. Experimental studies indicate that diluents, 
which often are thought to be inert, produce effects such . A  
as the formation of oxide caps, fragmentation of tlie particles
etc.*The method of initiation frequently- affects the. ft 
combustion mechritiism. . • •' . yiy • ; ft
Most studies of metal particle combustion, .in recent 
years ha.ve been orientated towards -the investigation of 
aluminium particles, probably because of its importance 
in composite propellant rocket performance. Wilson and ‘
Williams (43) have investigated tlie combustion of single
ft 20 ~ lOPii’ diameter atomized Al particles initiated Eby yyft'-‘A /
ft'-, ■ '* Aft , 1 0 ’? 1 v -ft ...a. pulse of radiative flux of about 10 watt m ' -. •' • • • ft :
generated by a ruby laser arid, observing tlie. burning particles.
by means of high speed cine photomicrography. Attempts were
made to fit tlie observed data to a. relationship of the form': •' y-
. ■ ft _ "VC , j
■ft y Z  ■= don - (3t v .ft:(835) /
where dQ = is the initial particle size diameter . ft / M X  
d ~ is the instantaneous ” cA-;ty.. " fty; X
3 = is a constant ;y y .• ' 'ft y. ft-
•; , ft' t ■ is tlie time after ignition -/Aiy, .’ ■ ft ' ' Ah'ft
The ’best fit1 value for n appeared to be 1.47, S.I) :ftyft; ft
= *. 0.11 . rIt was also found that the ratio of tlie flame3 radius 4 
to particle radius was -stationary after- a short incubation ftkft/ft 
period. rIlie values of this ratio ranged from 3 to 60, increasing ft 
with increasing oxygen partial pressure. y -ftft ;,ft ,\V
Macelc and Semple (44) have investigated the 
combustion of boron at atmospheric and elevated 
pressures using a similar technique to Wilson et al.
Tliis study showed that the combustion mechanism is 
sensitive to the incident radiative flux density falling 
on the boron particle. Below a certain level of incident 
flux no combustion occurs but when this level is exceeded 
by a small amount a slow 'pre-ignition1 reaction occurs * 
prior to normal combustion. Tlie length of time in which the 
pre-ignition reaction occurs can be an appreciable 
proportion of the total burning time. When the radiative 
flux level becomes great enough.then ’normal’ combustion 
occurs. Macelc and Semple conjecture that the pre-ignition 
reaction probably entails the diffusion of boron through y 
a liquid layer of and the surface reaction rates
calculated from cine microphotographic data correlated 
with oxidation rates of boron covered by a liquid layer 
of boric oxide reported by Talley (45).
Willoughby et al (46) have conducted a photographic 
study of composite propellant burning under conditions of 
acceleration, in which the acceleration vector ywas directed ■ 
into the burning surface. An interesting feature emerged in 
this study, arising from the fact that tlie particles ejected 
from the burning surface are held'within the field* of view 
of the camera for longer periods than is usual with static 
buntings. It was observed that coalescence of aluminium 
particles occurred whilst their temperatures were relatively
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low, ( a dull red colour), then rapid combustion occurred yy.:V*:- -
and the combined particle, after initially reaching a white 
heat* diminished ill size and taiipefdtiire. .;Some little time y'%’ '
later, further agglomeration between the combusted particle 
and a; fresh particle from the huriiing surface: occurred/ again 
and, the process repeats itself. ■ • :
Pictures obtained using an electron -micros cope - of • - /: ■ B-.,
aluminium particles after combustion sliow small spheres of///- 
material, the surfaces of'.which exhibit a. crinkled surface 
rather like an ’orange Skin*Occasionally a particle'is jy/ j'id' . 
seen having a’ crater or volcano like feature on its surface. >? /•/,,, 
Mien a cross-section of - tlie sphere% is .vtakeny.- it is found that- ; <• 
two basic/types of internal structure exist. Associated with ; ' : • 
the former/type of surface, the. interior either Consists of 
a core of unreacted metal, or seems to be of Hie same ; / '/
material as the outside shell, presumably aluminium oxide/ //-
The second type has a hollow core and it is presumed that 
owing to the peculiarity of the metal having a boiling point y y 
greater/than, the melting point of its oxide.it/is possible that : 
a sufficiently high vapour pressure builds up inside the shell / .. 
to overcome the surface -tension forces of the oxide skin and /. 
rupture occurs. It may also be conjectured that since the .volume: 
of aluminium oxide formed from a given mass of Hie metal is greater 
Hian that of Hie metal: then there must be a diffusion process y 
of aluminium through the oxide skin. ///// •' y./‘ •. //
Fassell et al (47) : have shown that in the combustion of .//, 
magnesium particles, the original oxide coating of the metal, is
preserved as a cenosphere"through which the magnesium X  yyy;V 
evaporates to react with , oxygen diffusing towards -'the -ylyy A 
oxide shell from the ambient atmosphere. Photographic stucl ies 
of burning particles show .''that there is an ejection of a fine " 
mist of oxide particles from the burning zone. ■. A y  AA; y
Hie use of the shock tube has great potential inytilese+.A 
studies since the pressure composition;;:and temperature of the 
gas carrying tlie wave may . he accurately determined at t h e y  Ay; 
shock front, at ■ which - the combustion of the- particles occurs. V 
The technique does, however, have the limitation that it is yy 
difficult to reproduce exactly the environment in which •. V
combustion of the magnesium particles proceeds in the • y A/k
pyrotechnic flame. , . ., ■ y
Pilling and Bedworth (48) have formulated a rule that
if the volume of oxide formed is less tlian tlie volume of
oxide replaced by it, then the oxide film has a friable, Ay 
porous structure and cannot protect tlie metal against further 
oxidation. In the above paper, a coefficient a is calculated 
from.. ■ _ '.AAA .A . A'--..A';
a = M p / p A n ..ox me A h ox . me .
where M' is the molecular Weight of the oxide y
p is the density ;■ " *• ■ ■ •. ’ \ yOX • ; ' . ' * • Ay
A is the atomic weight of the metal- me . & . \y c .. . y ■ , '
p is the density of the metal A A A - ;
. n  i s  th e  num ber o f  atom s o f  th e  m e ta l in  th e  o x id e
The coefficient has the following property. If a < 1 then 
the.' oxide film has the characteristic described above. If 
a > 1 then the oxide film formed has a compact solid 
structure which insulates the metal from the effects of gaseous 
oxygen diffusing through, the shell and so hampers further 
oxidation. Values of a for various metals are given in Table 13 
according to (49).
Table 13
Metal a Metal a
Na 0.55 Sn 1.33
K 0.45 Zr 1.45
Li 0.58 Zn 1.59
• Sr 0.69 Ni 1.68
Ba 0.78 Cu 1.70 .
•' Ca 0.64 Ti 1.73
Mg 0.81 Fe 2.06
Al 1.45 Mn 2.07
Pb 1.31 Cr 3.92
Cd 1.32 Si ' 2.04: .
In view of the earlier observations regarding tlie 
character of combusted aluminium particles when studied 
under the electron microscope it is apparent that a high. - ■ . - 4 • » • Vy ( * %value of a. does not necessarily indicate a high resistance 
to further ocidatioii once the oxide shell is formed. " 
Evidently* tliose metals which exhibit values of a just 
slightly greater than unity, probably are the most : 
resistant to high temperature oxidation.
-y Sullivan (50) has cleveloped. a model for the combustion of y 
alkaline - earth metals with, oxygen.based upon the observation ;y 
: of burning metal wires, and upon the flames generated in a 
ftspecially vdesigned: diffusion flame Utirnerft: It. was observed, tiiat 1 
during the coiiUustion of calciunt and strontium wires two - f V 
concentric rings of coloured radiation developed. Tlie inner -..-yV 
ring was coloured in a way that suggested that the source of 
radiation arose from line;for band emitters t(iro. oraiigeAm the. y 
case of calcium, red; in the'case of strontium)and the outer; k 
ring-was white in colour suggesting that,;greybody emission : y • 
predominated in this region. It was postulated that the 
; energy required to excite the line and band emitters was 
; supplied by the homogeneous reaction and condensation ft iky" y 
processes oc curing in the ■ region. Tiles e coriclus ions, were ,y..; Ay 
supported by temperature measurements on the flame whicli • ;v.-y •. “V 
showed that the maximum temperature region contained the yiy A-.. 
coloured - white interface. It is assumed that.the maximum 0. kk;- 
:temperature;,is generated by aCTapid condensatiohi process .
•. / y Gouldin and Glassman (51) have made measurements of yyikyi:..-. 
temperatures in the flames of burning calcium wires in an . .
atmosphere of 20% 02 - 80% Ar at a pressure of 100 mm I-Ig,
They measured a maximum temperature of 2500°K + 10% which : ft ft
occurred at about one half of the radius of the luminous
envelope. It should be noted ‘that; the melting point of 
Cao is approximately 3400°K and that- the adiabatic flame 
temperature which may’be computed using a, thermodynamic 
programme is 3250°K showing that radiative losses can
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comprise a large proportion of the heat balance in the 
combustion process. Gouldin and Glassman also found that 
in the outer region beyond the high temperature zone, tlie 
temperature dropped smoothly to about. 1840°K at tlie edge 
of the luminous envelope. It was also thought that agglomeration 
of tlie condensed particles occurred in the outer zones which 
interfered with precise optical temperature measurements •
owing to Hie enhanced scattering properties that the 
agglomerates have on visible radiation. Tliis result is in 
contrast with Sullivan's results from which he assumed that 
agglomeration occurred in a 'pile-up ' region, a thin region 
at the edge of the luminous envelope where horizontal bulk 
particle flow ceased.
8.3 Combustion Instability
The occurrence of combustion instability in Solid 
propellant rocket engines was first reported at Woolwich 
Arsenal in 1942. The phenomenon is generally associated with 
very large, but transient, changes in the average burning 
rate of the composition. In the case of solid propellant 
rocket motors it is easy to intuitively see that the throat 
of the combustion chamber will act as an acoustic impedance 
and therefore for certain chamber geometries acoustic 
resonance can be established. Since the burning rates of 
many propellants are critically dependent upon operating 
pressures, erosive burning may be established through this, 
cause and tlie burning rate is observed, to" fluctuate in a 
periodic manner whenever a resonance condition is approached 
in the combustion chamber. There are three possible modes of
oscillation lor this case, radial, tangential arid /;. ';7 *
longitudinal.' Tlie practical methods of eliminating . 
or reducing the effects of"acoustic resonance have been ' 
based upon several empirical ' tecbniques including the 
insertion of rods, webs or star baffles in the propellant, 
or tlie addition of inhibiting materials such as aluminium 
powder to the propellant1 during manufacture Hie aluminium also 
contributes, a - high heat of reaction to the combustion energy. •
yy Instabilities mayalso arise'from the not ' always-"’. 1/
reproducible physical and. chemical properties of the / /by b 
composition. Instability of the flame can also occur owing 
to time,lags between dependent processes in both composition J 
and flame, and the feedback of energy from ‘the gas phase b •' by. 
reaction zone to tlie burning surface. The causes of instability ; 
are many and far from being completely understood, owing; to ; y 7: 
the complexities of tlie:physical and chemical processes occuring 
in the system. Hie ■difficulties of defining a rigorous model 7 
are iminense in view of problems of the type mentioned above, '• • ; 
and from, the theoretical point of view there is a limitation ; 
on perturbation theory when, applied to large amplitude, 
disturbances from steady state, and this restricts'its:usefulness 
The achievements in the field so far have been limited to . /
predictions of Hie ranges of, operating parameters in/ which/' :/ 
instability can occur. • ' F-' ? bbb'byFbb’
111 the field of rocket propellant research ytwo distinct 
types of instability have been observed: irregular (low 
frequency) and resonant (high frequency) burning where the
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limiting frequency between, the two phenomena is accepted 
/to be 10^ Hz. The fact that irregularities may be 
■ suppressed by some; techniques mentioned above, e.g. ■ , '•/
introduction;of w^ ebs, or baffles/ or< inhibiting- materials, 
suggests that the causation of the effect, is largely acoustic 
in origin and that these techniques disrupt the standing wave /, 
pattern which would otherwise exist-. The favourable influence ;/ :'-, 
of such ’ inert ’ surfaces may be interpreted as the damping 
of temperature oscillations and wave motion. In the case of ' /
' ' ' . • -7 ...... v -.Jresonant;burning (i.e.,frequencies greater than 10' •Hz), the 
above methods are no longer-effective. It could be argued that 
since it has .been found experimentally tliat certain propellants‘ ■ ; ■ / - ' ' " v ' ' V' ' ' * I >. . >'■ 1 ‘
are, very prone to tliis effect whilst Others never exhibit it, 
despite a wide range of operating conditions, that in this 
case it is tlie quality of the propellant which is the cause.
The impression is confirmed/when it is noted that under . 
certain circumstances the addition of materials wiiiqli degrade 
the rate of energy release, such as the presence of small 
quantities of finely divided carbon, aluminium or magnesium 
or their oxides can suppress resonance. . :/• //
The ammonium perchlorate/fuel composite propellant has 
been very carefully studied by many workers, notably Summerfield 
(40) Klein(35) and Green(52a, b, c, d) who has made the 
observation that tlie rate of energy release affords a good 
measure of tlie relative resonance * behaviour of various 
formulations. Hie re is also an indication that tlie tendency 
towards resonant burning increases as•the oxidant particle
size becomes smaller and consequently tlie; burning •raftfrAAyA' - V: ri.‘ 
increases. However, efforts to limit the' number of variables 
in any experimental investigation, e.g. constant heat reliease : A  ; 
or burning rate, have not met with success.
This study gives the results of investigations of tlie TV. A  y; 
frequency components present in the; light emitted by some : - ' -A; 
pyrotechnic compositions where the spectral power measurements 
have indicated tliat unstable burning may occur. So far, two 
characteristic patterns in the frequency components have been 
found.. The pattern common to many pyrotechnics is displayed 
in Figure (36) and was obtained by analysing photometric 'VA
data, which had been recorded on magnetic tape using a Federal 
Scientific 'Ubiquitous’• Spectrum Analyser. The shape of the ; AA-X 
curve at very low frequencies is somewhat uncertain owing to T '
•tlie recording medium used, namely an oscilloscope and polaroid y.Ji;A*‘ 
camera. The curve presented is typical of many illuminating A 
and red signal compos it ions and peaks between 100 - 200 Hz ’• ... ;,A A’ 
falling off fairly rapidly up to 1000 Hz after which there are A 
apparently no maj or components at least up to 10,000 Hz. Tlie y . r;y 
other type of frequency distribution which/ has been observed 
is a single-valued one in which the preferred frequency of f f A;‘A  
oscillation lies in the range 5 - 20 Hz, The modulation 
amplitude? that is the value between peak output; and baseline: a Xy-; 
.has often been observed to t>e as great as 90%. .The shape ofv-thkse>x:A 
waveforms is by no means sinosoidal, rising very steeply atHfihe • yy 
leading/edge and displaying an exponential type decay .at the AAjyXA
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trailing edge. In addition, tlie ’light up’ time is somewhat 
less than the 'off time’, roughly in the proportion 1:3. Hie 
effect has been found to be insensitive to tlie ratio of fuel 
and oxidant over a wide range pressing load, but seems to be 
very sensitive to the ambient temperature *
Hie latter phenomenon may be ascribed to be a ’chuffing’ 
or thermal explosion process and will be discussed and compared 
with similar results appertaining to solid propellant combustion. 
It is unusual, however, that this effect should have been found 
to occur at atmospheric pressures. The. former pattern is more 
difficult to analyse and Some consideration as to its cause 
will be given first.
Some investigators, Green (52a) for example, have proposed
that there is a time lag, between a variation in the surface
temperature and the consequent variation i.n the burning rate.
Hiis could arise owing to the finite time in which the phase
changes proceed to completion, and so would be expected to 
3 t ^take the value 10 to. 10 seconda. Given then that there may 
exist a time lag in the process, it is possible that; there may 
occur a 2ir phase lag between the temperature variation and the 
burning rate variation so .that there is a possibility that 
res onance can 7occur.
This may be seen in the following manner. Hie non-steady 
state form of equation (67) is
If it is. assumed that 'tlie non-steady variations - in temperature 
and burning rate can be expfe 
steady state condition, then
ressed as small perturbations fi'om
To(x) + AT(x,t)V
Ts TSO •I- AT
' v v0(Ts0)+ AvfATJ ,; , •.
Tiie subscript o indicates the steady state condition. 
Substituting these relations into equation (83). the heat, 
flow relation becomes ' 4- /
A  (T0 + AT) 
bt
? ; . . y - 7
d Tq A AaT 0 0 +,Ay) b 0 (j..+ AT) 
bx
Also, if it is assumed that the F term which is defined in 
equation (74) takes the form ■.
F = F -+ AF(t);
then
1C
/■ dT( c>AT \+ ;
\ dx y.: S . 6x A
(vc + Av)
p L (v_ + Avr - (F + AF) (T, - T - AT ) ir v o J v o 1 so s
Collecting together the.first order non-steady terms from 
equations (84) and (85) -h y./A-A
If it is now- supposed that the ’F’ term may vary in ay. 
periodic fashion, i.e. 6 oscillates in value then therey ' ; -:y 
will be a periodic variation in T and Tsq. \
F = F^  exp (jwt) ,•>(87)
. . AT = f (x) exp (jwt) - .. .(88)
ATs = f (0) exp (jwt) ... (89)
Suppose now that tlie burning rate of. the composition follows 
•tlie variation in the surface temperature but with a time lag 
t, which may be-thought of as the time to complete the phase 
change at the surface corresponding to tlie departure from 
tlie steady state temperature.' The cliange in the burning rate 
may be approximated by iy. : • ;
where we have assumed that; ' /•' • p,/-:- by-
b/vy v0 V  B exp (•••E/RTS0); ; : . ■ y /  ' , X- ... (90a) ; ' ;
At firs t sight, the introduction o:f; a time - lag defined in ; y  • * '/b , - 
equation (90) may seem artificial, since. Hie change ;o£/phase/,-/ .
at constant temperature across a surface is instantaneous.
• However, it has been shown-earlier that there exists a zone, b  b  ' 
extending sbme way back into Hie solid composition from- ■ }/: b b  
the burning surface, in which decomposition and vapourization, •/: //. 
occurs. Evidently, a change in the burning surface temperature-/ . F / 
wild hot be transmitted ills-tantaneously- through/this/ .regiine vAb- b  
and a.time lag may be introduced which is likely to be a function - 
of the thermal conductivities of the constituents of the regime. - 
A3.so, as alfeady mentioned/ the burning surface is not a uniform >. 
temperature,' owing: to the; differences in the act i vat ion energies- y : *
- of Hie fuel', and oxidant. A change in the burning surface F .//' b b 
temperature will change Hie rates of vapourization of the fuel' b b  
and: oxidant particles and a finite time will be required for : "b : 
the relative positions of each to become re-established so that y 
an equilibrium is reached. Finally, the time- lag may also. ; ;
contain a component due to the lengHi of time required for the 'b ; 
complete mixing and diffusion processes of fuel into Hie oxidant 
gas or vice versa. . -/ ' > .-‘F ; ■'* b ,-y ' /.,>-.,/b
• . Substitution of equationb.f87) through (89) into equations ' --
(86a) and (86b) yields the following relationships: /bb;/bb.. -b
f" 1 vo/c>; £’ = jto/ou f = A f(o) exp(-vox/a) , ,.... (91) /
/ / / -  2 1 0  ■ -
w h ere
and
A  1A  /  f t  R 4 o  -  V  oxp  (--jK -r)
y a  
f* (0)
2 R Tso
+ D 0
where C = VcA
R s r |. so
T - )  2 p  L
+  • • -JT,
K
exp(~jwx) + Fq
A  V'.+jcIv/'. ■ s o
and D = (T- - . T ) v f so'
" K v-: s o
The general solution of equation (91) is found to have the roots
y
2a
-1 ± 1 +
. 2v
and the particular solution is found by inspection
f(x) = j — A v J 0) exp; (-vox/x) . . . ( 9 3 )
In order to simplify the analysis we will first look at the
low frequency case (4wa/vQ << 1) and then the high frequency 
case (4wa/v2 >> 1). Firstly, it is useful to determine the/
range of © which meets this condition. ' A ’yft'A-' -4ft
y 2 _ C H . K f V0) «  O = v
4 a 4 .  3 .  1 0
10
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i . e .  to << 104 r a d ia n s / s e c  f o r  c o m p o s it io n  ty p e  550.
Hie solution of equation (91) is, of course, the sum of the
general solution and particular integral. It must also be
noted that, f (<*>) - 0 is a further boundaiy condition, in which
case, the roots of the general solution must be negative.;/ '
?When 4 a/vQ J << 1, then '
f (x) ~ f(0) exp( "VQ x/a) + j (a/w)A f (0) exp(-tibx/a)
Differentiating and substituting into equation (92) it is 
possible to rearrange the resulting expression to give
i
f  C +  j  V  A :  +  v /  . . .  ( 9 5 )o _0
a) a
which on rationalization, and accepting real solutions?yields 
f(0) exp (-jwt)AT = s 1) (C + Vp/a ...(96)
(C  +  V 0 / a ) 2 +- v 0 A / oj)
This equation is in disagreement with that obtained by Green ?rt. 
(65a), but. both that derived above and tlie one derived by 
Green give dimensionally correct answers. In order to compare 
results, values of |aTs | max have been evaluated, using some 
of Green's data.. Hie results obtained are 5.3°K and 7.9°IC, the 
fatter corresponding to tlie use of the relationship derived above 
Earlier it was shown that tlie likely burning surface temperature, 
Tgo, is the boiling point of magnesium, 1117°K. It may, therefore
be seen: that the value of AT/ is insignificant. reiatiVerfo ft\ ; A  
tlie 'supposed, variations in the burning surface temperature A v 
as envisaged in, for example, the 1 two temperatures • model, Aft'ftt 
’Ilie change in burning rate of a type 550 flare may be calculated * 
from .. ty * 4 H A A
A V  =  V  ; lA 7SI ' - I  ' 4 ;  y -  4
, o ; 2 . -  ■ :v,y;yso
If the values Tf = 2500°K, E/RT£ - 2ft4
B = logins"*1, T. = 300°K, K = l i r Z m Z s Z ^ K Z c  =145 3\flo]Cl. . 1. s y • /•>.»*.:. -* *'.* S ft. 1/4
ptt - 2xl06g.m"3; L--4 kJ.g"1,Fo=10oJ.m.~1.s"1 ,vq--0.4xlO"2 ’ ©  £; 
m.s - are used, tlien A — ;2ft6 x 1011. m 2, /--ft’ A'ftft ' .-’ft/ft' ft.
C - 4.24 x 10'Am™1 ,D = 3.7 x 106 °K*mftZ eft = 10r'7m2.;s“1 4 ftft/’A  :-
Hence
AT . ~ 1.5°K
F aTand Av - v  s° 2
RTso a
~ 4.10 3 x 2 x 1.
0.011 x Id*"3 m.s"1
up ft *Aft' :
which-is. an insignificant change from the steady state burning'u-iy ■ 
rate of 4.10 3: m.s 1 for .composition type 550. In evaluation A y ft 
and C the assumption was made that exp (~jan) -is approximately ft . ft3:-:,
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equal to unity tliat is, u>t->0. If t is of the order 10  ^secs ; 
then w may be as great as 100 rads --sec  ^for | e to. depart
from unity by 1%. It is evidenced that since tlie maximum
departure of tlie instantaneous burning rate; from the steady"- •. .A 
state burning;,rate is small,:;the change in the mean rate wheii '“'AS 
considered over one cycle is insignificant. . ; c ;A, ' - Vy
Hie other extreme is now considered, ire. the :c.ase when the:-'; 
imaginary part of the general solution predominates ire-. •
4wa/vo'J»l. In this case it may be found that •-'.;/
and G = p v E ir o
IC R T / s so
CS t / o  - Td  + 2L
where 1/= temperature of cold composition.
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If the denominator of equation.(97) becomes very small, a X 
1 resonance1 condition in- A'Ik may be approached,. Tliis occurs when
G COSWT =  F + v +. / w  •• . A . / A  . .'•. (98):o o
K v 2, a s o
and G sihwt = I0)
a '
Tlie possibility that these two conditions may be fulfilled is 
demonstrated in figure (35) in which, the groups' AAA, A - ":'A
cosuit, sinwT, — . are plotted. - Xk
A" G / 2a ■ . *•/ • ■ ‘ X ‘ '■* •’
Substituting, values for composition 550 .into. these equations 
yields • * I/. /-A* . • - . ! ■ ' ‘A
■ G «  I O 8 i r f 1 ,  F  /JC &=. 2 . ! !  x  1 0 5 r r / ' w  /  x  K ) ’1 i i i " 1 ,  Y. <■ . ■- ., • o s y  ■ ■ ■ ■ . o A:/
i.e. the latter two groups;.;are negligible with •respect to G and/ 
hende Am /2a. It may. be seen tliat the denominator of equation 
(97) can tend to zero when A . ’ : A.' X A A  h;:'-; A :
u>T == 3/4.71 + 2mr. .. _A- n -  0,1,2.
Tlius 1 /to ‘ =  s in (3/4 tt +' 2im) - Gos (3/4 tt • +
. X o V  X . ,  : A  ., X A t / .  y y  ;
A* A/i Q k" , -A A: -•: - i” - ' '' -./A;A .V"■'•:• ■. AXki.e.' w •- 1.01 x 10 rad. sec /A-AA>~‘
Thus t - 2.33 x 10 ? sec., 8.55 x 10P sec, 1.32. 10 8 see etc. -
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5)
I t  m a y  t h u s  b e  s e e n  t h a t  t h e  t i m e  l a g  i s  o f  t h e  e x p e c t e d  o r d e r  
o f  t h e  p r o c e s s e s  i n v o l v e d  i n  d e c o m p o s i t i o n  v a p o r i z a t i o n  a n d  
r e a c t i o n  i n  t h e  b u r n i n g  s u r f a c e  o f  t h e  f l a r e .  A l s o ,  t l i e  p r e d i c t e d  
f r e q u e n c y  a t  w h i c h  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e - i n s t a n t a n e o u s  
b u r n i n g  r a t e  , c a n  o c c u r  i s  e x t r e m e l y  h i g h ,  a n d  i s  c e r t a i n l y  n o t  y  
d e t e c t a b l e  w i t h  e x i s t i n g  e q u i p m e n t  i n  w h i c h  t h e  f r e q u e n c y  r e s p o n s e  
i s  d e s i g n e d  t o  c u t  o f f  s i g n a l s  w e l l  b e l o w  t h i s .  I t  i s  e v i d e n t ,  •
■; t h a t  t h i s  m o d e l  d o e s  n o t  e x p l a i n  t h e ' r e s o n a n t  f r e q u e n c i e s  s u c h  a s  
h a v e  b e e n  o b s e r v e d  i n  p r a c t i c e  ( u n l e s s  G  i s  m u c h  l o w e r ) .  <.
I t  i s  u n l i k e l y  t h a t  a  s i m p l e  r e f i n e m e n t  o f  t h e  m o d e l  w i l l  
g i v e  s i g n i f i c a n t l y  b e t t e r  a g r e e m e n t ,  a n d  i t  i s  a p p a r e n t  t h a t  
a  g r e a t  d e a l  m o r e  w o r k  w i l l  b e  n e c e s s a r y  b o t h  i n  t h e  p r a c t i c a l  
a n d  t h e o r e t i c a l  f i e l d s .  O n e  p o s s i b l e  c a s e  i s  e x p l o r e d  i n  o u t l i n e  
b e l o w .
S i n c e  t h e  g e n e r a l  d e s c r i p t i o n  o f  t h e  f r e q u e n c y  -  p o w e r  
d i s t r i b u t i o n  s e e m s  t o  b e  c o m m o n  t o  a t  l e a s t  a  s m a l l  n u m b e r  o f  : ,  \ . 
w i d e l y  d i f f e r e n t  c o m p o s i t i o n s ,  s e e  f i g u r e  ( 3 6 ) ,  i t  i s  c o n v e n i e n t  
t o  f o l l o w  t l i e  a p p r o a c h  a d o p t e d  b y  w o r k e r s  i n  t l i e  s o l i d  /
p r o p e l l a n t  r e s e a r c h  f i e l d  a n d  a s s u m e , i n  t h e  f i r s t  i n s t a n c e , / -  '
' t h a t  t l i e  e f f e c t  i s  n o t  a  f u n c t i o n  o f  c o m p o s i t i o n  a n d  t h a t  t h e r e  . 
m a y  b e  a  f e e d b a c k  o f  a c o u s t i c  e n e r g y  b a c k  i n t o  t h e  b u r n i n g  s u r f a c e .  
H i i s  i m p l i e s  t h a t  t h e r e  i s  a  m e c h a n i s m  w i t h i n  t h e  f l a m e  o r  t h e  
b u r n i n g  s u r f a c e  w h i c h  a c t s  a s  a n  a c o u s t i c  a m p l i f i e r .  I t  i s  
- a l s o  c o n v e n i e n t ,  i n  o r d e r  t o  s i m p l i f y  t l i e  a p p r o a c h ,  t o  c o n s i d e r  
t h e  f l a m e  a s  a  c y l i n d e r ,  o p e n  a t  o n e  e n d ,  w i t h  a  m i s m a t c h  '
b e t w e e n  t h e  a c o u s t i c  i m p e d a n c e  o f  t l i e  f l a m e  a n d  t l i e ' 
s u r r o u n d i n g  a i r  a t  t h e  f l a m e  b o u n d a r y , .  i . e .  t h e r e  i s  
a: d i s c o n t i n u i t y  i n  t h e . d e n s i t y ’ a n d  t e m p e r a t u r e  g r a d i e n t s ,  
a t  't l i e  b o u n d a r y .  T l i e  t r a n s m i s s i o n  c o e f f i c i e n t  f o r  p l a n e  
a c o u s t i c '  / w a y e s  ^ . i r i c i d e n t  ‘ n o r m a l l y ,  o n  a  d i s c o n t i n u i t y  i s  
d e r i v e d  i n ; m a n y  s t a n d a r d  t e x t  b o o k s  o n  s o u n d  ( 5 3 ) .  a n d  
i s  g i v e n  b y  • ft. - ft.. . * ft ■ ft ft
a t :  ^  4 p l  C l p 2 C? / Z i C l .  *  P 2C Z A  '
w h e r e  p £  i s  t h e  d e n s i t y  i n  m e d i u m  1 ft.4 - y  ■ . : : ' 4 , 1.7 ' f t  n  ftp
P 2 i s  t l i e - d e n s i t y  i n  m e d i u m  2 . 7ft 4  ft y • ’ '■ ft .  y~yj  y , y
C £  :. i s  t h e  v e l o c i t y  o f  s o u n d  i n  m e d i u m  I  ftft/ftft , ; .f t f t  ;
C 2 i s  t h e  v e l o c i t y  o f  s o u n d  i n  m e d i u m  2 : ,'y  * • yftft ft
B o t h  C  a n d  p a r e  f u n c t i o n s  o f  t e m p e r a t u r e ,  v i z .  • ;  y f t , y y  © V y k ' 7
C  =  C Q ( T / 2 7 3 ) 2 4  ’ y  /  ; , ,  ; f t y 'f t  - . . .  ( 1 0 0 )  ft
a n d  p =  p '■ ( 2 7 . 3 / T )  " f t / '  y  •* • . ■ ft ft .. 'fry
w h e r e  C q  i s  t l i e  v e l o c i t y  o f  s o u n d  i n  m e d i u m , a n d  p Q  t l i e  k f t i f t . ,f t  
d e n s i t y  o f  t h e  m e d i u m , a t  0 ° K .  I n  o r d e r  t o  o b t a i n  a n  e s t i m a t i o n  
o f  t h e  t r a n s m i s s i o n  c o e f f i c i e n t ,  t h e  f o l l o w i n g  a s s u m p t i o n s  ' a r e  y f t  
m a d e ;  t h a t  t h e  f  1 a m e  i s  c o m p o s  e d  o f  s p e c i e s  e n t i r e l y  f i n  t h e ; ftft-7; y . 
g a s e o u s  p h a s e  a n d  t h e  a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e s e  p r o d u c t s  ft 
i s  s i m i l a r  t o  t h a t  o f  a i r . A s s u m i n g  a  f l a m e  t e m p e r a t u r e  o f  2 5 0 0 °1C  
i t  i s  f o u n d  t h a t  ft ft + 7  ‘ / - f t ;  A ' f t A f t - f t J :
-  0.8  i . e .  80% t r a n s m i s s i o n .  f t y f t y f t  ft f t .f t f t - f t f t y f t :y y .
' I n  a d d i t i o n  t l i e  e f f e c t  o f  i n h o m o g e n e i t i e s  i n  t h e  f l a m e  
s u c h  a s  m e t a l  o x i d e  p a r t i c l e s ,  t e m p e r a t u r e  g r a d i e n t s  o r  
r e g i o n s  o f  t u r b u l e n c e  w i l l  b e  t o  i n c r e a s e  t l i e  { a b s o r p t i o n  o f  
H i e  s o u n d  w a v e .  I t  i s ,  t h e r e f o r e ,  c o n c l u d e d  t h a t ,  t l i e  e s t a b l i s h m e n t  
o f  a  l o n g i t u d i n a l ,  w a v e  i n  a .  p y r o t e c h n i c ,  f l a m e  i s  i m p r o b a b l e - .  ‘ " d . 
H o w e v e r ,  t r a n s v e r s e :  a n d  r a d i a l  w a v e s  c o u l d  b e  m a i n t a i n e d  i n  t h o s e  
c a s e s  w h e r e  t h e  l i n e r  m a t e r i a l  d o e s  n o t  b u r n  a w a y  o r  w h e r e  t h e  
r a t e  o f  r e g r e s s i o n  o f  b u r n i n g  s u r f a c e  i s  g r e a t e r  t h a n  t h a t  o f  t h e  
l i n e r .  M i e n  a  t r a n s v e r s e  w a v e  c a n  b e  m a i n t a i n e d  i n  t h e  s y s t e m  
t h e n  i t  i s  p o s s i b l e  f o r  v o r t i c e s  t o  b e  g e n e r a t e d  i n  t h e  f l a m e .
: I t  i s  b e l i e v e d  t h a t  t h e s e  h a v e  b e e n  o b s e r v e d  i n  h i g h  s p e e d  
c i n e  f i l m s  t a k e n  b y  O ’ S u l l i v a n  ( 5 4 ) . . .  - ' i  ‘ ---y
V o r t i c e s  a r e  f o r m e d  a s  a  s e c o n d  o r d e r ' v i s c o u s  e f f e c t  o f  t l i e  
p r e s s u r e  o s c i l l a t i o n s  i n  t h a t  p a r t  o f  t h e  f l a m e ;  w h i c h *  . .i s  c o n t a i n e d  
• w i t h i n  t l i e  l i n e r  a n d  . a r e ,  c l o s e l y  r e l a t e d  t o  t h e  c l a s s i c a l  
p h e n o m e n a  k n o w n  a s  a c o u s t i c  s t r  e a r r i n g .  T h e  f o r m a t i o n  o f  a c o u s t i c  
s t r e a m i n g  . v o r t i c e s  b y  h i g h  i n t e n s i t y  s o u n d  f i e l d s ,  w7a s ' f i r s t  
a n a l y s e d  m a t h e m a t i c a l l y  b y  R a y l e i g h .  H i e  p h y s i c a l  m e c h a n i s m  o f  
v o r t e x  g e n e r a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  ( 3 7 )  w h i c h  r e p r e s e n t s /  
t h e  f i r s t  t a n g e n t i a l  t r a v e l l i n g  w a v e  ’ s l o s h i n g ’ a r o u n d  a h ,  y .  
c y l i n d r i c a l  c a v i t y .  T h e  g a s  p a r t i c l e s ,  a t ;  t h e ;  c e n t r e  d e s c r i b e  :
; a  c i r c l e , ,  t h e  d i a m e t e r  o f  w h i c h  i n c r e a s e s  w i t h " t h e ;  a m p l i t u d e ; o f  • 
t l i e  w a v e .  H e a r  t h e  l i n e r  w a l l  t h e / p a t h s  b e c o m e  a p p r o x i m a t e l y  
e l l i p t i c a l ,  w i t l i  t h e - p a r t i c l e s  b e i n g  n e a r e r  t o  H i e  w a l l  d u r i n g  t h e  
h i g h : p r e s s u r e  p a r t  o f  t h r f c y c l e , / T h e ; v i s c o u s  d f a g  o n  t h e  ; y  '■> 
p a r t i c l e s  i s  a  f u n c t i o n  o f  p r e s s u r e ,  v e l o c i t y  a n d  t e m p e r a t u r e  s o  
t h a t -  t h e  g a s  p a r t i c l e s  e x p e r i e n c e  a  h i g h e r  d r a g ,  w h e n  t h e y  a r e  , . v  . 
. n e a r e r  t o  t l i e  l i n e r .  A s  a  r e s u l t ,  t h e r e  i s  a  c l o c k w i s e  t o r q u e
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( 3 7 )  V o r t e x  G e n e r a t i o n s  -  G a s  P a r t i c l e  P a t h s  f o r ;  t h e  -  ;■ ; - k ; f  
F i r s t  ■ T a n g e n t i a l  T r a v e l l i n g  m o d e .  : '  ' : k k  ;  . “ : r . . /  *; ; k ;  •
-  2 2 0  -
o n  t h e  l i n e r -  w a l l  a n d  t h e , e l l i p s e s  ’ w a l k ’ a n t i c l o c k w i s e  • ' '••• 
a l o n g  t h e  l i n e r  w a l l .  T h i s  m o t i o n  c a n  b e  c o n s i d e r e d ;  t o  b e  7 .: 
c o m p o s e d  o f  a  d . c .  v e l o c i t y  s u p e r  i m p s  e d  o n  t l i e  a . c . - . a c o u s t i c  
v e l o c i t y .  The d . c .  v e l o c i t y  d i s t r i b u t i o n  b e c o m e s  ( e s t a b l i s h e d  
t h r o u g h o u t  t h e  e n c l o s u r e  a s  . t h o u g h  t l i e  w a l l  w e r e  r o t a t i n g  
w i t h  t h e  d . c .  v e l o c i t y .  T l i e  m a g n i t u d e  o f  -t h e  d . c .  v e l o c i t y  
a t  t h e  l i n e r  w a l l  h a s  b e e n  s h o w n  b y  M a s l e n  e t  a l  ( 5 5 )  t o  b e  
f o r  H i e  f i r s t  t a n g e n t i a l  t r a v e l l i n g  w a v e  y v  7  • * - y
V  C e  j  J - O )
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" 3 jZ - , ( y  " l )
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v e l o c i t y  c o m p o n e n t  i n  t h e  e d i r e c t i o n  ;  •
: s p e e d  o f  s o i m d  *■. • ' .
a m p l i t u d e  p a r a m e t e r  A P / 2 P -  ¥ y  7 / 7  ■ 7 ;
: o r d e r  o f  B e s s e l  f u n c t i o n  . ,  , 7 7 / 7 . ; /  ' 7  ;  7  
: B e s s e l  f u n c t i o n  .... . . . .  '- 7 b  - ■ \ y \ ' y b  7  V 7 ,  
= n o n - d i m e n s i o n a l  r a d i u s  g i v e n  b y  z e r o s  o f  J\  ( f
: r a t i o  o f  C  t o  C  ' : ;
P  ; : V  - . ,
=' P r a n d t l  n u m b e r  7  ' " . ‘ ■ b y  .
! t e m p e r a t u r e  i i i  a b s e n c e  o f  w a v e  > b ;b
: v i s c o s i t y  i n  a b s e n c e  o f  w a v e  / > ■ ' ■ 7
A  s i m i l a r  a c o u s t i c  s t r e a m i n g  a n a l y s i s  o f t h e  s t a n d i n g  
t r a n s v e r s e  m o d e s  b y  M a s l e n  e t  a l  ( 5 5 )  s h o w s  t h a t  t h e  ; '
t a n g e n t i a l  v e l o c i t y  a t  t h e  w a l l  i s  g i v e n ,  b y
Ww  e 2 C  Kjj s i n 2 j 0 . . . ( 1 0 2 )
w h e r e  =  0.02  f o r  t h e "  f i r s t  m o d e  ( j  ~  1 )  .  M i e n  s t a n d i n g  A l  
t r a n s v e r s e  w a v e s  b e c o m e  e s t a b l i s h e d  a  p a i r  o f  v o r t i c e s ,  
r o t a t i n g  i n  o p p o s i t e  d i r e c t i o n s ,  a r e  f o r m e d  a t  e a c h  p r e s s u r e  : / A  
a n t i n o d e .  S i n c e  n o  m e a s u r e m e n t s  h a v e  b e e n  m a d e  o f  t h e  A  ■*/ 
p r e s s u r e  o s c i l l a t i o n s  i n  a  p y r o t e c h n i c  f l a m e  n o  e s t i m a t e d  
v a l u e  o f  e c a n  b e  g i v e n .  I t  i s  l i k e l y ?  h o w e v e r ,  t l i a t  i t  w i l l  
b e  c o n s i d e r a b l y  l e s s  t h a n  t l i e  v a l u e s  c o m m o n l y  e n c o u n t e r e d  i n  
r o c k e t  c o m b u s t i o n  c h a m b e r s .  A s s u m i n g  a  v a l u e  o f .  e =  0 . 5  t h e n  
t h e  v o r t i c e s  h a v e  a n g u l a r  v e l o c i t i e s  o f  a b o u t  I O 4 r a d i a n s  s e c ™1 
a n d  10" r a d i a n s  f o r  t l i e  f i r s t  t r a v e l l i n g  t a n g e n t i a l  a n d  s t a n d i n g  
t r a n s v e r s e  m o d e s  r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  o f  a b o u t  t h e  ; ; 
r i g h t - -  o r d e r  o f  m a g n i t u d e  c o m p a r e d  w i t h  t l i e  r a n g e  o f  p h o t o m e t r i c  
o s c i l l a t i o n  f r e q u e n c i e s  c o m m o n l y  o b s e r v e d ,  i n  p y r o t e c h n i c s .  I t  •.'•A- 
i s  t h e r e f o r e  c o n c l u d e d  t h a t  t h i s  m a y  b e  a  m e c h a n i s m  w h i c h  
a c c o u n t s  f o r  t h e  o b s e r v e d  f r e q u e n c y - p o w e r  s p e c t r u m .  F u r t h e r  w o r k  A -  
m u s t  b e  c a r r i e d  o u t  t o  a s c e r t a i n  t h e  e x i s t e n c e  o f  t h e  a c o u s t i c /  }  ;• A  
m o d e s  i n  o r d e r  t h a t  t h e s e  i d e a s  m a y  b e  c o n f i r m e d .  ’ A X ' " -  A ( A
• A , /  ^ v >
H i e  l o w  f r e q u e n c y  s i n g l e  v a l u e s  c a s e  r e p o r t e d  h e r e  f o r  
t i t a n i u m / P T F E  p y r o t e c h n i c s  i s  a s c r i b e d  t o  b e  a  c h u f f i n g  p r o c e s s .  / -  
T h e  f i r s t  e x p e r i m e n t a l  d a t a  c o n c e r n i n g  t h e  c h u f f i n g  m e c h a n i s m  w a s  
r e p o r t e d  b y  C r a w f o r d  e t  a l  ( 5 6 ) .  H i e s e  e x p e r i m e n t s  s h o w e d  t h a t  • - A  
’ f i z z *  b u r n i n g  w h i c h  i s  c h a r a c t e r i z e d  b y  i n c o m p l e t e  p r o p e l l a n t  1 
c o m b u s t i o n ,  o c c u r r e d  d u r i n g  t h e  l o w  p r e s s u r e  r e g i o n s  b e t w e e n A
c h u f f s .  C r a w f o r d  e t  a l  s p e c u l a t e d  t h a t ; :  t h e  o c c u r r e n c e  o f : - ;
a  c h u f f  w a s  a s s o c i a t e d ,  w i t h  r e a c t i o n s  i n ; t h e '  g a s  7 p h a . s e . .  'ft - f t :  7ft
H u f f i n g t o n  ( 5 7 )  l a t e r - p e r f o r m e d  a  s e r i e s  - o f ' e x p e r i m e n t s  : A f t  A y  
o n  t h e  u n s t e a d y  b u r n i n g  o f - c o r d i t e  i n  r o c k e t  m o t o r s  a n d  A : - ••. 
c o n c l u d e d  t h a t  a  c h u f f i n g  m e c h a n i s m  w a s  c o n s i s t e n t  w r t h  f t f t y  A  A  ft' • - 
y t h e A r a n k - K a i n e n e t s k i i  t h e o r y  o f ;  t h e r m a l  e x p l o s i o n ,  f t ;  4 ’. y .  y  ‘ f t .  
C le m m d w  a n d  H u f f  i n g t o n  l a t e r '  e x t e n d e d  t h e  F  r a n k -  K a m e n e  t  s  k  i  i .  t f t y  
t h e o r y ; t o  i n c l u d e  t h e  b o u n d a r y  c o n d i t i o n s  e n c o u n t e r e d  i n  ’ ; / " A 1 ' 
t h i s  t y p e  o f  c o m b u s t i o n  a r i d  c o n c l u d e d  t l i a t  a  c h u f f i n g  ■ ! -
m e c h a n i s m  w a s  b a s e d  o n l y  o n  t h e  s o l i d  p h a s e  r e a c t i o n s ;  A -  . 
H o w e v e r ,  H u g g e t t  ( 5 8 )  l i a s  - ' s u g g e s t e d  t h a t  t h e  c o m b u s t i b l e  ; ' f t ,  ft- 
g a s e s  f o r m e d  b y  t h e  s o l i d  p h a s e  e x o t h e r m i c  r e a c t i o n s  i g n i t e  4 . 4  
u p o n  r e a c h i n g  s o m e  c r i t i c a l  v a l u e  o f  c o n c e n t r a t i o n  i .  e .  t l i e  • ’ . ft- ft 
c o m b u s t i o n  p r o c e s s  i s  a u t o c a t a l y t i c  f o r  a t  l e a s t  o n e  p a r t  ' f t :  v
o f  a  b r a n c h e d  c h a i n  r e a c t i o n .  T h i s -  g a s ' - p h a s e  m e c h a n i s m  i s  v i  ; A  
c o n s i s t e n t  w i t h  C r a w f o r d s • e x p e r i m e n t a l  r e s u l t s ,  f t , ft  ‘ ft y '  ft
T h e r e  a r e  t w o  c o n f l i c t i n g  p i e c e s  o f  e x p e r i m e n t a l ;  e v i d e n c e  A  
w h i c h  s u p p o r t  e i t h e r  t h e  s o l i d  p h a s e  o r  t h e  g a s  p h a s e  
, m e c h a n i s m s -  f o r  t h e  e x p l a n a t i o n  o f  t h e  p h e n o m e n o n .  F i r s t l y ,  - t h i n 4 A  * ' 
l a y e r s  o f ! c o m b u s t e d  c o m p o s i t i o n  ft a p p r o x i m a t e l y  3 - 4  m m . t h i c k ,  ' f t y  : s .
h a v e  b e e n  p i c k e d  u p  i n  s o m e - C a s e s  a f t e r  a  c h u f f i n g  f l a r e  h a s  
b u r n t  t o  c o m p l e t i o n .  T h e *  l a y e r s  o f  t h e  c o m b u s t e d  ,c o m p o s i t i o n  ft . * *•
a r e  s e e n  t o  b e  c e l l u l a r  i n  f o r m  a i i d  a  s i m p l e  t e s t  o f  h e a t i n g  ■: .
t h e m  w i t h  a  b u n s e n  b u r n e r  i n  o r d e r ,  t o *  a s c e r t a i n  w h e t h e r  o r  n o t  y  
t h i s  m a t e r i a l  w a s  - c a r b d r i f t p r o d u c e d  110 f u r t h e r  c o m b u s t i o n . T h e s e  - A  
l a y e r s  a r e  s h o w n  i n  f i g u r e  ( 3 9 )  a n d  i t  m a y  b e  s e e n  a l s o  t h a t  f t / ” ' 
t h e r e  a r e  ' r i n g s T o f ; m a t e r i a l  l i g h t e r  i n  c o n t r a s t  t o  t h e  r e s t  
o f  t h e  m a t e r i a l .  T h e s e  r i n g s  a r e  b l u e  i n  c o l o u r ,  s u g g e s t i n g  ft A  *
223 -ft : f t©  ft .A
I / M
I M
E I G U R E ( 3 f t ) T Y P I C A L  D I S C  O F  M A T E R I A L  E M I T T E D  D U R I N G  C H U F F
t h a t  t h e y  m a y  b e  o x i d i z e d  ' t i t a n i u m  w h i c h  m a y  n o t  b e  
c o m p l e t e l y  c o m b u s t e d .  S e c o n d l y ,  1 0 0  f r a m e s  s e c  4 c o l o u r  
c i n e  f i l m  o f  t h e  c o m b u s t i o n  p r o c e s s  s h o w  t h a t  d u r i n g  t h e  
c h u f f  t h e  m a j o r i t y  o f  t h e  v i s i b l e  r a d i a t i o n  a r i s e s  f r o m  
a  r e g i o n  s o m e  d i s t a n c e  a b o v e  t h e  b u r n i n g  s u r f a c e .  T h i s  
w o u l d  s u g g e s t  t h a t  t h e  m e c h a n i s m  i s  i n  H i e  g a s  p h a s e .
F r a n k - I C a m e n t s k i i ’ s  t h e o r y  o f  t h e r m a l  e x p l o s i o n  
e q u a t i o n  ( 6 7 )  c a n  b e  w r i t t e n  i n  a  s l i g h t l y  d i f f e r e n t  f o r m  
f r o m  t h a t  n o r m a l l y  u s e d ,  n a m e l y
6T  =  K  5 T
s ■Q .  A  e x p  E / R ( T o  +  T )  j . . .  ( 1 0 3 )
<5t Go bx C
S  ir S
w h e r e  W i s  t h e  l i e a t  o f  r e a c t i o n  p e r  u n i t  m a s s  o f  c o m p o s i t i o n .
A  e x p -  E / R ( T q  +  T ) i s  t h e  r a t e  o f  d e c o m p o s i t i o n  
o f  H i e  c o m p o s i t i o n  a t  t e m p e r a t u r e  T  a t  a  d i s t a n c e  x  b e l o w  t h e  
b u r n i n g  s u r f a c e .
A t  s t e a d y  s t a t e , e q u a t i o n  ( 1 0 3 )  r e d u c e s  t o
= 0  • • . ( 1 0 4 )62 T  +  Q p ^  A  e x p
t>x K s
-  E / . R ( T q  +  T )
C le m m o w  a n d  H u f f i n g t o n  p r o c e e d e d  t o  f i n d  s o l u t i o n s  f o r  
e q u a t i o n  ( 1 0 4 )  o n  t h e  a s s u m p t i o n  H i a t
I  0
x  =  0 
a n d
- 225 - .
e x p o / K  ; ( T o  * X ) !  /  f .  e x ' ;  j- i ' / l / , ]  [ i a y R r , ! ' ]  ,
a s s u m p t i o n s  w h i c h  h a v e  b e e n  u s e d  b y  m a n y  w o r k e r s  i n  t h e  ■' • v  
f i e l d  n o t a b l y  F r a n k  K a m e i i e t s k i i  ( 5 9 ) ,  R o b e r t s o n  ( 6 0 ) ,  G r a y  
a n d  L e e  ( 6 1 )  ,  a n d  T h o m a s  ( 6 2 )  > I f  t h e  t r a n s f o r m a t i o n s  • •• /
T] =
E
a n d  £
R  ( T 0 >  T )
t h e n  e q u a t i o n * . ' ( 1 0 4 )  b e c o m e s
x  TT a r e  m a d e .
2  < r v
/  \  2
4 .  / d r j  \
2 X 2  n d £  .
e x p  ~ n  =  0
I t  i s  p o s s i b l e ' t o  i n t e g r a t e  t h i s  e q u a t i o n  t o  g i v e y
nn  . • ’ A / .
\  A  . _ d  ' ■ , ■ ... -■ A -  • ■ A / X > X
: • £ -  \   _n_______  A - -‘ -VA?
k n o  n 2 { C 2 “ +  l ( n p  -  f ; C n )  A ,  " y ;.
w h e r e  C
r  . y i
K s R  ' 2
x = o L.
2 Q p irA E
a n d  f  ( a )  - e
n
. c
J;
e " n d n
N o w  t h e  b o u n d a r y ,  c o n d i t i o n s  a r e  t l i a t  w h e n
£ =  d ; , n  =  a  =  E / R T 0 .
a n d  £ =  o ;  d r i / d £  =  - f y T / A x )  _  n 0 2
A  U
226 -
S o  t h a t  e q u a t i o n  ( 1 0 6 )  b e c o m e s , a f t e r  t h e  i n s e r t i o n  o f  t h e s e  
c o n d i t i o n s  ; " b  " ,  ’ ' •. .7  , ' b y b b  b h / ' i  b "
d n
y -  ' b y ,  y ( c 2+£(ro) : - £ oo] / / b y  b y - b b l ;
i j  2 Q p  A Rw h e r e  d  =  a  / , y b j
/ "  U s  E
P h y s i c a l l y ,  d  c o r r e s p o n d s  t o  a  d i m e n s i o n l e s s  d i s t a n c e  b e l o w  
t h e  b u r n i n g  s u r f a c e  a t  w h i c h  T  =  0 .  D e p e n d i n g  o n  t h e  v a l u e s  o f  
c ,  d  a n d  a ,  e q u a t i o n  ( 1 0 7 )  m a y  o r  m a y  r i o t  b e  s o l u b l e  f o r  h y .  ; -. 
I f  i t  i s  n o t ,  t h e n  n o  s t e a d y  t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  
t h e  s l a b  i s  p o s s i b l e . ;  T l i e  c r i t i c a l  c o n d i t i o n  f o r ' t h e  e x i s t e n c e  
o f  a  s t e a d y  s t a t e  s o l u t i o n  i s  y  , , ,  b - - ' b
d n  ... .  • • . ' b b b '  > b y b b
...  . . - - . - - --y -.. .   1 "  • 0 . o . ( 1 0 8 )
tno no n &  *£0io) - f  oo 2 y .
W h e n  t h e  e x p r e s s i o n  i s  d i f f e r e n t i a t e d  a n d  r e a r r a n g e d ,  t h e  Y b y  
f o l l o w i n g  l i m i t i n g  c o n d i t i o n  i s  o b t a i n e d  b b " F . ; b
l • y  ' ' ' / ' "  ' 7  b  . y.;;-7
e n  d n '/  = .  e a   b _ , . . .  - ( 1 0 9 )
'o [ c 2 + f(n0) -f(r)] * ( c 2 + f(no),-f(r)jT  / b |
C le m m o w  a n d  H u f f i n g t o n  u s e d  t h r e e  m e t h o d s  o f  e v a l u a t i n g  t l i e  
c r i t i c a l  t h i c k n e s s , ,  o n e  u s i n g  a  r e l a t i o n s h i p  t h a t  y  - > b
where
W
a n d
1  +  C 2 .  n 2 • e n o
O
g ( n 0 )
g ( n )  =  n ? e n .  f f n )
I n  o r d e r  t o  a v o i d  t h e  l a b o u r  . ‘o f  e v a l u a t i n g  t h e  i n t e g r a l  
• n u m e r i c a l l y ,  t h e  s u b s t i t u t i o n ,
2
g ( r i )
v n n -  it- > 0
T W *}'?■
c a n  b e , m a d e ;  i t  i s  a c c u r a t e  f o r  n =  n Q a n d  n e a r l y  s o  f o r  n 
n e a r l y  e q u a l  t o  n u ;  f o r  n a p p r e c i a b l y  l a r g e r  t h a n  ?i t h e  
a p p r o x i m a t i o n  i s  l e s s ,  g o o d  b u t  t h e  e x p o n e n t i a l  t e r m  i s  s m a l l  
s o  t h a t  t h e  e x p r e s s i o n  i s  n e a r  t o  u n i t y .  M i e n  t h e  s u b s t i t u t i o n ,  
i s  m a d e  i t .  i s  f o u n d  t h a t
T h e r e f o r e ,  f r o m  . ( 1 1 2 )  a n d  ( 1 1 3 )  i t  i s  f o u n d  b y  s u b s t i t u t i o n  i n t o  
e q u a t i o n  ( 111 )  t h a t  .•  . • '■
c o s h ™1 W + -.W  (W  2 -  1)2 
o  o  o  J c o s h  A - A  o  • 4 o
c v W
N o w  s i n c e  A =  W e x p  (a -  n ) / 2  
o  o  1 v  oJ
v . . ( 1 1 4 )
a n d
s i n c e
p . = • a -  2 £ri
W
W 1 t, C n - e■ “ : o / '
g f n 0 j  Y
.  ( 1 1 5 )
1 _  1 
-  I ) 2 e  2 n <
T h u s  b y  i n t e g r a t i n g  ( 1 0 7 )  b y  p a r t s  i t  i s  f o u n d  t h a t
a ,  n f o l l o w s  f r o m  ( 1 1 5 ) : ; ; a n d  d  f r o m  ( 1 1 7 )  .  V a l u e s  o f  t h e
f u n c t i o n  g  ( n )  a r e  g i v e n  a l s o ’ .  T h e ' ’' v a l u e  o f  a  w a s ? : - .  - *■-•
d e t e r m i n e d  b y  a s s u m i n g  t h a t  T q =  t h e  i g n i t i o n  t e m p e r a t u r e ;  o f  'f t
t h e  p o w d e r ,  t a k e n  t o  b e  5 5 o ° I ( ,  E  -  7 0  x  103 j  . m o l e " 1 , 1 4  =  1 . 2 5 ,
X. "  1 . 8 1 , .  n ~  9 . 5 ,  g ( n  )  ~ 0 . 8 6  -w h e n c e  
o  o c o. -
d ' -  3 5  i n  d i m e n s i o n l e s s  u n i t s  A f t  ,  ft, f t
S i n c e  d  -  a  f t  1^  A  ^  \ 2 . ,  t h e n a s s u m i n g  ; - - , kft ,  ftftk-
\  K  B  ) ■  ' V 4  f t / S r i  -
A  = ’ 1 0 8 s e c " 1 ,  Q  P ) t 3 , 1 0 ?  j . m r 3 ,  K g . =  1 0 " 4 ;  j  . m l  s e c ' 1 0 / 1 ,  ' 
( t l i e  v a l u e  o f  A  w a s  c h o s e n  f r o m  t h e  l i t e r a t u r e ,  o n  c o m p o s i t e  
p r o p e l l a n t s )  i t  i s  p o s s i b l e  t o  o b t a i n  ! ; k f t  ■' : •  k f t y
a  -  20 m i c r o n s
Solutions of equation* (114) are given in (62),. For a given
I t  h a s  b e e n  f o u n d  i n  p r a c t i c e  t h e  b u r n  r a t e  o f  t h e s e  c o m p o s i t i o n s  
i s  a b o u t  5 x  1 0  4 m . s  1 s o  f o r  a  f l i c k e r  f r e q u e n c y  o f  1 5  H z ,  e a c h ;  
c h u f f  c o r r e s p o n d s  t o  a b o u t  3 0  m i c r o n s ,  i n  t l i e  a b o v e  e q u a t i o n .
I t  m a y  b e  s e e n  t h a t  t h e r e  i s  a  r e a s o n a b l e  m e a h u i- e  o f  a g r e e m e n t  
b e t w e e n ,  t h e o r y  a n d  e x p e r i m e n t ,  a l t h o u g h  i t  m u s t  b e  p o i n t e d  o u t  ft p  
t h a t  t h e ;  d a t a  f o r  s o m e  o f  t l i e .  p a r a m e t e r s ,  n o t a b l y  A  a r e  c h o s e n  ' ;, 
a r b i t r a r i l y  f r o m  t h e  l i t e r a t u r e .  • - A
T l i e  t i m e  t a k e n  f o r  t h e  s u r f a c e  t e m p e r a t u r e  t o  r e a c h  t l i e  
c r i t i c a l  v a l u e  f o r  e x p l o s i o n  t o  t a k e  p l a c e  h a s  b e e n  g i v e n  b y  
C a r s  l a w  e t  a .l  ( 6 3 )  a s  ; ? , • . - ; - ! . k  ■ •
■Now f o r  a  t i t a n l u m / P T F E  c o m p o s i t i o n  a  i s  e s t i m a t e d :  t o  b e  
K )~4 j . i - r 1 s ' 1 .  V 1 ( K , .  fr.) =  . 1 . 5  x  I Q " 3 ;-  I f .  ( P T F E ) = l ( f 3 ' b ' :  . 
a n d  f ' T / d x )  *  10® ° K . 8v f  t h u s  ... , ,
. . . ... v X  =  o  ■ ?
t g  «  1 0  ^  s e c .  i . e .  a  f r e q u e n c y  o f  1 0  H z  •• 7 /  ’7 - '  -./' y b - F
Y o u n g  a n d  A n g e l u s  * ( 6 4 )  h a v e  s t u d i e d  t h e  .p h e n o m e n o n  o c c u r r i n g  V - . v  
i n  h i g h  . i m p u l s e  c o m p o s i t e  m o d i f i e d  d o u b l e  b a s e  p r o p e l l a n t  ? y  ’•
c o n t a i n i n g  a  h i g h  p r o p o r t i o n  o f  a l u m i n i u m  p o w d e r  .  T h e i r  v b  j / F  i > ‘
e x p e r i m e n t a l  r e s u l t s  a g r e e d  w i t h  a  t h e r m a l  e x p l o s i o n  
m e c h a n i s m  a r i d ; t h e y  c o n c l u d e d ; t i i a f  a t  l o w  p r e s s u r e s  t l i e  s i t e  : - b y / '  
o f  t l i e  t h e r m a l  e x p l o s i o n  w a s  i n  t l i e  s o l i d  p h a s e  w h e r e a s  a t  . b  ■ 
h i g h e r ;  p r e s s u r e s  t h e  t i m e  b e t w e e n  c h u f f s  w a s  i n v e r s e l y  
. . p r o p o r t i o n a l  t o  p r e s s u r e - , ;  s u g g e s t i n g  a  g a s  p h a s e  m e c h a n i s m , b -  b b y
F i n a l l y ,  a n  a l t e r n a t i v e  m e c h a n i s m  t o  t h e  t h e r m a l  e x p l o s i o n  - - ; ;;-  - 
t h e o r y  h a s  .b e e n  d e v e l o p e d  f r o m ,  t h e  ’ t w o - t e m p e r a t u r e 1 b u r n i n g  s u r f a c e  
t h e o r y  m e n t i o n e d  e a r l i e r .  T h i s  t h e o r y  i s  b a s e d  u p o n  t h e  i d e a  t h a t b -  
t h e  t e m p e r a t u r e  o f  t l i e  b u r n i n g  s u r f a c e  i s  s o  l o w  t h a t  id le  m e t a l .* -  ;-v- 
p a r t i c l e s  d o  n o t  r e a c h  t h e i r  i g n i t i o n  t e m p e r a t u r e  b u t  m e l t  a n d  : : b -  
c o a l e s c e  w i t h  t h e i r  n e i g h b o u r s .  A s  t h e  P . T ; P . 3 3 .  b u r i i s  a w a y ,  / t h e s e / ;/ -  
. g l o b u l e s  o f  l i q u i d  m e t a l  p r o t r u d e  i n t o  t h e  h i g h  t e m p e r a t u r e  \ F F  '
r e g i o n  o f  t h e  f l a m e  w h e r e  t h e y  i g n i t e .  T h e  c o a l e s c e n c e  a n d  . 
i g n i t i o n  o f  a l u m i n i u m  p a r t i c l e s  h a s  b e e n  o b s e r v e d  d u r i n g  t h e  y b ' F b  - 
c o m b u s t i o n  o f  c o m p o s i t e  b a s e d  p r o p e l l a n t s  b y  t l i e  u s e  o f  h i g h  y  -
s p e e d ,  c i n e  p h o t o g r a p h y  a n d  w a s  b r i e f l y  d e s c r i b e d  i n  s e c t i o n  A x -  
8 . 2 .  F u r t h e r ,  a  p u l s a t i n g  b e h a v i o u r  h a s  b e e n  o b s e r v e d  i n .  . A  A y A A '  
a l u m i n i u m / a m m o n i u m  p e r d i l o r a t e ;  s t r a n d s  a n d  a n  a g g r e g a t e  n e t w o r k  A : 
o f  a l u m i n i u m  . i s  o b s e r v e d  o n  't l i e  s u r f a c e  o f  t h e  s t r a n d  i f  • • ./= /  ,■ •
c o m b u s t i o n / i s :  q u e n c h e d  j u s t  p r i o r  t o  t h e  o c c u r r e n c e  o f  a  f l a s h .  X /  
I n a m i  a n d  S h a n f i e l d  ( 6 5 )  h a v e  m e a s u r e d  t h e  f r e q u e n c y  p o w e r  
d i s t r i b u t i o n s  o f  t h e s e  t y p e s ? r e f  s t r a n d s  a n d  f o u n d  t h a t  a t  r e a s o n a b l y  
h i g h  l e v e l s  o f  a l u m i n i u m  c o n t e n t  ( 1 0 % ) ,  a  d i s t r i b u t i o n  w a s  A ' i k X - .  
o b s e r v e d  w h i d i .  c o n s i s t e d  o f  t w o  o r  t h r e e  s u p e r i m p o s e d ,  f a i r l y  y  y ! 
b r o a d  b a n d s  o f  f l u c t u a t i o n s  i n  t h e  r e g i o n  5 0  t o ’ 1 5 0  H z  .  T h e i r  
c o n c l u s i o n s  w e r e  t h a t  i t  w a s  t h i s  t y p e  o f  m e c h a n i s m  w h i c h c a u s e d y  
t h e  p u l s a t i o n s ,
M i e n  t h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s  w a s  s t a r t e d  
i t  w a s  s e e n  t o  b e  p a r t  o f  a n  a t t e m p t  t o  r a t i o n a l i s e  t h e  
u s e  o f  p y r o t e c h n i c s  * I t  w a s  h o p e d  t l i a t ;  i t  w o u l d  b e  p o s s i b l  
t o  w o r k  t o w a r d s  g e n e r a ; !  c o n c e p t s  w h i c h  w o u l d  a l l o w  t h e  
p y r o t e c h n i s t  o f  t h e  f u t u r e  t o  d e s i g n  a  f l a r e  t o  m e e t  
s p e c i f i c  r e q u i r e m e n t s  f r o m  s i m p l e  b a s i c  p r i n c i p l e s ,  
i n s t e a d  o f  u s i n g  t h e  e m p i r i c a l  a p p r o a c h  o f  t o d a y .  I n  
t h e o r y ,  t h e r e  w e r e  a  n u m b e r  o f  a p p r o a c h e s  t o  t h e  p r o b l e m  
t h a t  c o u l d  h a v e  b e e n  m a d e . O n e  w o u l d  h a v e  b e e n  t o  s t u d y  
o n e  f l a r e  i n  g r e a t  d e p t h ,  w i t h  a n  o p p o r t u n i t y  t o  c h a n g e ’ 
t h e  c o m p o s i t i o n  i n  a  c o n t r o l l e d  f a s h i o n ,  a n d  p e r h a p s  
e v e n  s t a r t i n g  w i t h  t h e  ' c l e a n  f l a m e '  s i t u a t i o n s  a n d  
i n t r o d u c i n g  m a t e r i a l s  o f  i n t e r e s t  i n t o  t h e  g a s  f l a m e .  
A n o t h e r  w a s  t o  e x a m i n e  a  n u m b e r  o f  f l a r e s  i n  s o m e w h a t  
l e s s  d e p t h ,  s o  t h a t  t h e  o v e r a l l  s i t u a t i o n  c o u l d  b e  
e x a m i n e d  a n d  t h e n  t o  c h o o s e  f l a r e  s y s t e m s  w h i c h  w o u l d  
r e p a y  d e e p e r  i n v e s t i g a t i o n s .  P r a c t i c a l l y ,  t h e  l a t t e r  
a p p r o a c h  w a s  c h o s e n  a n d  t h e  m o r e  i m p o r t a n t  r e a s o n s  a r e  
g i v e n .  ‘
T h e  f i r s t  o f  t h e s e  w a s  t h a t  a t  t h e  c o m m e n c e m e n t  o f  
t l i e  w o r k  i t  w a s  a  n e c e s s i t y  t o  d e a l  w i t h  t h e  p r a c t i c a l  
e x i s t i n g  s i t u a t i o n  i n  t h e  f i e l d  o f  p y r o t e c h n i c s ,  i n  t h e  
s e n s e  t h a t  i n f o r m a t i o n  c o n c e r n i n g  e x i s t i n g  p y r o t e c h n i c  
c o m p o s i t i o n s  w a s  u r g e n t l y  n e e d e d .  I n  t h e  p a s t  t h e r e  h a v e  
b e e n  a t t e m p t s  t o  r a t i o n a l i s e  t l i e  f i e l d  o f  p y r o t e c h n i c s  ,
GENERAL CONCLUSIONS AND OBSERVATIONS , . ;
b u t  i n  o r d e r  t o  d o  t h i s  i t  s e e m e d  o b v i o u s  t h a t  s o m e  s o r t  
o f  s p e c t r a l  m a p  o f  t h e  e x i s t i n g  c o m p o s i t i o n s  w a s  - n e e d e d .
I n  t h e  p a s t  a  n u m b e r  o f  p u b l i s h e d  s p e c t r a  h a v e  b e e n  p r o d u c e d  
w i t h i n  a n d  w i t h o u t  R A R D E ,  b u t  g e n e r a l l y  t h e r e  h a s  b e e n  n o  
s y s t e m a t i c  a p p r o a c h  a n d  i n  p a r t i c u l a r  t h e  e n e r g y  o u t p u t s  
h a v e  n e v e r  b e e n  r e f e r r e d  t o  a  c o m m o n  s t a n d a r d .  F u r t h e r ,  t h e  
r a n g e  o v e r  w h i c h  t l i e  s p e c t r a  h a d  b e e n  r e c o r d e d  v a r i e d  q u i t e  
w i d e l y  a n d  t h e s e  t w o  l a s t  f a c t o r s  m a d e  c o m p a r i s o n s  r e a l l y  
v e r y  d i f f i c u l t  i n d e e d .  •
I t  w a s  a l s o  r e a l i s e d  t h a t ,  i n  o r d e r  t o  g e t  t h e  t y p e  o f  
r e s u l t s  t h a t  w o u l d  b e  u s e f u l ,  t h e r e  w o u l d  h a v e  t o  b e  d e v e l o p m e n t  
o f  t h e  e x i s t i n g . i n s t r u m e n t a t i o n  a n d  i t  w a s  c l e a r l y  i m p r a c t i c a l  
t o  d o  t h i s . f o r  t l i e  o b s e r v a t i o n  o f  a  s i n g l e  f l a r e  i n  t h e  i m m e d i a t e  
f u t u r e  a n d  t h e n  t o  p u t  o t h e r  f l a r e s  t h r o u g h  t h e  s y s t e m  a t  l a t e r  
d a t e s ,  a  s i t u a t i o n  w h i c h  p r o b a b l y  w o u l d  h a v e  a r i s e n  i f  s i n g l e  
f l a r e s  w e r e  s t u d i e d  i n  d e p t h  b y  t l i e  p r e s e n t  a u t h o r .
T h e  b a s i c  i n s t r u m e n t  t h a t  w a s  u s e d  w a s  t h e  P e r k i n  E l m e r  1 0 8  
s c a n n i n g  m o n o c h r o m a t o r  a n d  i t  w a s  q u i c k l y  f o u n d  t h a t  t h e  i n s t r u m e n t  
d i d  n o t  m e a s u r e  u p  t o  t h e  p e r f o r m a n c e  s t a n d a r d  r e q u i r e d  f o r  t h i s  
p a r t i c u l a r  w o r k .  T h i s  i m m e d i a t e l y  m e a n t  t h a t  a  c o n s i d e r a b l e  s e r i e s  
o f  m o d i f i c a t i o n s  h a d  t o  b e  c a r r i e d  o u t  o n  t h e  i n s t r u m e n t  a n d  
t h i s  p r o v e d  t o  b e  r a t h e r  m o r e  t i m e  c o n s u m i n g  t h a n  w a s  a n t i c i p a t e d  
w h e n  t h e  o r i g i n a l  p r o g r a m m e  w a s  s t a r t e d .  T h e  t a s k  o f  h a n d l i n g  t l i e  
d a t a ,  w h i c h  w a s  u l t i m a t e l y  p r o d u c e d  b y  t l i e  m o d i f i e d  i n s t r u m e n t ,  
a l s o  t o o k  s o m e  t i m e  t o  s a t i s f a c t o r i l y  r e s o l v e ,  a n d  i n  e s s e n c e  
t l i e  m a j o r  c o n s t r a i n t  h e r e  w a s  a  f i n a n c i a l  o n e .  T h e  s y s t e m
t h a t  w a s  u l t i m a t e l y  b u i l t  p r o v e d  s a t i s f a c t o r y  f o r  h a n d l i n g  
d a t a .  Q u i t e  o b v i o u s l y ,  t h e r e  a r e  m a n y  i m p r o v e m e n t s  t h a t  
c o u l d  b e  m a d e , e v e n  w i t h i n  a  f a i r l y  l i m i t e d  b u d g e t ,  p r o v i d e d  
t h a t  s u f f i c i e n t  t i m e  w a s  a v a i l a b l e .
T h e  o t h e r  m a j o r  i n s t r u m e n t a t i o n  p r o b l e m  w a s  t h e  l a c k  
o f  s u i t a b l e  s t a n d a r d s  i n  c e r t a i n  p a r t s  o f  t h e  s p e c t r u m ,  
p a r t i c u l a r l y  a t  t h e  u l t r a - v i o l e t  e n d ,  a n d  a  c o n s i d e r a b l e  
n u m b e r  o f  c h e c k  r e a d i n g s  w e r e  n e c e s s a r y  t o  e n s u r e  t h a t  n o  
s i g n i f i c a n t  e r r o r s  r e s u l t e d  f r o m  t h i s  l a c k  o f  s t a n d a r d s .
T h e  a u t h o r  s i n c e r e l y  b e l i e v e s  t h a t  i t  s h o u l d  b e  p o i n t e d  
o u t  t h a t  c e r t a i n  c o n s t r a i n t s  e x i s t e d  f r o m  t l i e  s t a r t  o f  
t l i e  p r o g r a m m e , p a r t i c u l a r l y  t l i e  o n e  o f  f i n a n c e ,  w h i c h  
i n  t u r n  l i m i t e d  t h e  a m o u n t  o f  m a n  p o w e r  a v a i l a b l e  t o  
• d ie  p r o j e c t .  T h i s  i s  n o t  a  p o i n t  o f  c r i t i c i s m  o r  e x c u s e  
b e c a u s e  h e  r e a l i s e s  t h a t  h e  w a s  f o r c e d  t o  d e s i g n  e q u i p m e n t  
w h i c h  o p e r a t e d  s u c c e s s f u l l y  w i t h i n  a  v e r y  t i g h t  b u d g e t  a n d  
h e  f i r m l y  b e l i e v e s ,  t h a t  g o o d  e x p e r i m e n t a l  r e s u l t s  w e r e  
a d i i e v e d  i n  t h e  e n d .  W i t h  h i n d s i g h t ,  i t  i s  r e a l i s e d  t h a t  
t h i s  w a s  a n  i m p o r t a n t  p a r t  o f  t l i e  e d u c a t i o n a l  p r o c e s s .
T h e  p e n a l t y  t h a t  h a d  t o  b e  p a i d  w a s  o n e  o f  t h e  t i m e  
c o n s u m e d  i n  d e s i g n  a n d  m a n u f a c t u r e  o f  t h e  e q u i p m e n t ,  b u t  
t h i s  o b v i o u s l y  i s  a  p e n a l t y  t h a t  c a n n o t  b e  - a v o i d e d .
A s  w a s  s t a t e d  e a r l i e r ,  a  n u m b e r  o f  s p e c t r a  h a v e  b e e n  
‘p r o d u c e d  s h o w i n g  e n e r g y  d i s t r i b u t i o n s ,  b u t  t h e s e  v / e r e  i n  
n o  w a y  r e l a t e d  t o  a  c o m m o n  s t a n d a r d .  T h e  p r e s e n t  w o r k  s h o w s  
s p e c t r a  w h i c h  w e r e  o b t a i n e d  f o r  w e l l  o v e r  f i f t y  f l a r e
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c o m p o s i t i o n s ,  w h i c h  w e r e  o f  s o m e  i m m e d i a t e  i n t e r e s t .  T l i e  
v e r y  g r e a t  m a j o r i t y  o f  t h e s e  c o m p o s i t i o n s  w e r e  t h o s e  w h i c h  
a r e  i n  p r a c t i c a l  u s e  a i d  t h e  c o m p o s i t i o n s  o f t e n  v a r y  q u i t e  
w i d e l y .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  m a i y  o f  t h e  c o m p o s i t i o n s  
w h i c h  h a v e  v e r y  s i m i l a r  m a j o r  c h e m i c a l  c o m p o n e n t s  o f t e n  
d i f f e r  b y  t h e  b i n d e r  m a t e r i a l  w h i c h  i s  . a d d e d . ,  o r  e v e n  s o m e t i m e s  
b y  a  s m a l l  p e r c e n t a g e  o f  a  c o m p o u n d  w h i c h  w a s  a d d e d  f o r  a  
p u r e l y  e m p i r i c a l  r e a s o n .  T h e  b i n d e r s  t h e m s e l v e s  c a n  e x e r t  a  
c o n s i d e r a b l e  i n f l u e n c e  o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  f l a r e ,  
v a r y i n g  f r o m  c h a n g e  i n  r a t e  o f  b u r n i n g  t o  a  s o m e w h a t  m o d i f i e d  
s p e c t r a l  o u t p u t .  F r o m  t l i e  m a n u f a c t u r i n g  p o i n t  o f  v i e w ,  t h e  
u s e  o f  a  b i n d e r  i s  e s s e n t i a l ,  i f .  a  s e r v i c e a b l e  f l a r e  i s  t o  b e  
m a d e , a n d ,b e c a u s e  f l a r e s  a r e  u s e d  i n  m a n y  d i f f e r e n t  e n v i r o n m e n t s  
m a n y  d i f f e r e n t  b i n d e r s  h a v e  b e e n  u s e d  a t  d i f f e r e n t  t i m e s .  I n  
a  s i m i l a r  f a s h i o n ,  t h e  e f f e c t  o f  t h e  c a s e  o n  t h e  b u r n i n g  
c h a r a c t e r i s t i c s  o f  t l i e  f l a r e  c a n n o t  b e  u n d e r e s t i m a t e d .
T h e r e  wre r e  m a n y  o c c a s i o n s  o n  w h i c h  i t  w a s  f e l t  t h a t  i t  
w o u l d  h a v e  b e e n  p l e a s a n t  t o  h a v e  e x a m i n e d  f l a r e  c o m p o s i t i o n s  
i n  w h i c h  j u s t  f u e l  a n d  o x i d a n t  e x i s t e d ,  b u t  t h e  t e c h n o l o g i c a l  
p r o b l e m  t h a t  h a d  b e e n  p r e s e n t e d  d e a l t  w i t h  r e a l  f l a r e s  a n d  
n o t  w i t h  s o m e w h a t  i d e a l i s e d  s i t u a t i o n s .  S i n c e  t h i s  p a r t i c u l a r  
w o r k  w a s  s t a r t e d ,  o t h e r  p e o p l e  h a v e  b e e n  i n v o l v e d  i n  o b s e r v i n g  
s o m e  o f  t h e  s y s t e m s  f o u n d  t o  b e  o f  i n t e r e s t  f r o m  o b s e r v a t i o n s  
o f  t h e  s p e c t r a l  e n e r g y  d i s t r i b u t i o n ,  a n d  t h e y  a r e  f o l l o w i n g  
a  l i n e  w h e r e  i t  i s  p o s s i b l e  f o r  t h e m  t o  u s e  a  m u c h  m o r e  
i d e a l i s e d  c o m p o s i t i o n .  H o w e v e r ,  i t  i s  b e i n g  f o u n d  t h a t  t h e  
b u r n i n g  c h a r a c t e r i s t i c s  o f  a  f a i r l y  l o o s e l y  p a c k e d  i n t i m a t e  
m i x t u r e  o f  f u e l  a n d  o x i d a n t  d i f f e r  v e r y  w i d e l y  f r o m  t l i e
s a m e  c o m p o s i t i o n  w h i c h  h a s  b e e n  p r e s s e d  u n d e r  w h a t  w o u l d  
n o r m a l l y  b e  c o n s i d e r e d  c o n v e n t i o n a l  p r e s s i n g  l o a d s .  T h e  . ,
f i n a l  r e s u l t s  o f  t l i i s  w o r k  a r e  o f  c o u r s e  a w a i t e d  w i t h  
g r e a t  i n t e r e s t .  •
T h u s ,  t h e  e a r l i e r  p a r t  o f  t h e  p r o g r a m m e  o f  w o r k  
c o n s i s t e d  o f  t h e  u s e  o f  t l i e  n e w l y  d e s i g n e d ,  a n d  n o v e l ,
s p e c t r o - r a d i o m e t e r ,  f o r  o b t a i n i n g  s p e c t r a l  p o w e r  d i s t r i b u t i o n s
/
o f  m o r e  t h a n  5 0  p y r o t e c h n i c  f l a m e s .  A l t h o u g h  t h e  p o t e n t i a l  
s c a n n i n g  r a t e  a c r o s s  t h e  s p e c t r u m  r a n g e  o f  i n t e r e s t  w a s  s o m e '
2 5 0  s c a n s  p e r  s e c o n d ,  t l i i s  w a s  i n  p r a c t i c e  l i m i t e d  t o  2 . 5  
s c a n s  p e r  s e c o n d  b e c a u s e  i t  p r o v e d  i m p o s s i b l e  t o  t r e a t  t l i e  
a m o u n t  o f  d a t a  p r o d u c e d  b y  t h e  f a s t e r  s c a n  r a t e .  H i e  2 . 5  s c a n s  
p e r  s e c o n d  a p p e a r s  t o  b e  a b o u t  t e n  t i m e s  f a s t e r  t h a n  a n y  s c a n s  
w h i c h  h a d  b e e n  d o n e  i n  p r e v i o u s  w o r k  a n d  p r o d u c e d  7 0  o r  m o r e  
s p e c t r a  d u r i n g  a  t y p i c a l  e x p e r i m e n t .  H i e  s p e c t r a  w e r e  a n a l y s e d  
u s i n g  a  d i g i t a l  t r a c e  r e a d e r  w h i c h  w a s  d e v e l o p e d  a s  p a r t  o f  
t h e  p r o j e c t .  F r o m ’t h i s  w o r k  w a s  o b t a i n e d  t h e  s p e c t r a l  p o w e r  
d i s t r i b u t i o n  f o r  t h e  p y r o t e c h n i c  f l a m e s  a n d  t h e s e  l a r g e l y  
c o v e r e d  i l l u m i n a t i n g  b l u e ,  g r e e n ,  r e d ?  a n d  i n f r a - r e d  
e m i t t i n g  c l a s s e s  o f  p y r o t e c h n i c  c o m p o s i t i o n s .  F r o m  t h e  c u r v e s  
t h a t  w e r e  o b t a i n e d , . a  c e r t a i n  n u m b e r  o f  s p e c t r a l  a s s i g n m e n t s  
- w e r e  m a d e ,  b u t  v e r y  f e w  u n e x p e c t e d  f e a t u r e s  w e r e  f o u n d .  H o w e v e r ,  
i t  i s  c o n s i d e r e d  t h a t  a  b e t t e r  k n o w l e d g e  o f  t h e  g e n e r a l  
c h a r a c t e r i s t i c s  o f  t h e s e  f l a r e s  h a s  b e e n  o b t a i n e d .  T h e  
c h a r a c t e r i s t i c s  a r e  p r e s e n t e d  i n  g r a p h i c a l  f o r m  a n d  i n  a  
t a b u l a r  f o r m ,  w h i c h  a l l o w s  l u m i n o u s  i n t e n s i t i e s  a n d  
c l i r o m a t i c i t y  c o - o r d i n a t e s  t o  b e  r e a d .
F o r  m a n y  y e a r s  i t  h a s  b e e n  k n o w n  t h a t  t h e  p o w e r  r a d i a t e d  
b y  a  f l a r e  s h o w e d  s o m e  t y p e  o f  p e r i o d i c  v a r i a t i o n .  F o r  i n s t a n c e ,  
t h e r e  i s  v e r y  f r e q u e n t l y  a  d e c r e a s e  i n  t h e  r a d i a n t  p o w e r  w h e n  
t l i e  r e a c t i o n  f r o n t  p a s s e s  t h r o u g h  t h e  i n c r e m e n t a l  s t e p  z o n e  
p r o d u c e d  b y  i n c r e m e n t a l  p r e s s i n g  i n  t h e  m a n u f a c t u r e  o f  t h e  f l a r e .  
O n  o t h e r  o c c a s i o n s  t h e r e  h a v e  b e e n  r e p o r t s ,  b u t  n o  r e a l  
d o c u m e n t a t i o n ,  o n  t l i e  f a c t  t h a t  p e r i o d i c  v a r i a t i o n s  d i d  o c c u r  
b u t  t h e r e  w a s  v e r y  l i t t l e  i n t e r e s t  i n  t h e m ,  s i n c e  p y r o t e c h n i c s  
w a s  v e r y  m u c h  a  p r a c t i c a l  s u b j e c t  a n d  t l i e  v a r i a t i o n s  d i d  n o t  
g r e a t l y  i n t e r f e r e  w i t h  t h e  s u c c e s s  o f  a  c o m p o s i t i o n .  H o w e v e r ,  
m o r e  r e c e n t l y  t h e r e  h a s  b e e n  a  m u c h  g r e a t e r  i n t e r e s t  i n  t h i s  
v a r i a t i o n  a n d  c o n s e q u e n t l y  w o r k  h a s  s t a r t e d  i n  a  r e a s o n a b l y  
s y s t e m a t i c  f a s h i o n  o n  t l i e  i n v e s t i g a t i o n  o f  t h i s  p h e n o m e n o n .
I n  p a r t i c u l a r  t h e  c a u s e  o f  t l i e  v a r i a t i o n  h a s  b e e n  s o u g h t  a n d  
t o  a  v e i y  m a r k e d  e x t e n t  t l i e  s t i m u l u s  h a s  c o m e  f r o m  w o r k  o n  
p r o p e l l a n t s .
I n  m a n y  w a y s '  t l i e  p r o b l e m s  f a c i n g  t h e  p r o p e l l a n t  s c i e n t i s t s  
a r e  s i m i l a r  t o  t h o s e  f a c i n g  t h e  p y r o t e c h n i c  s c i e n t i s t ,  s i n c e  
t h e y  h a v e  b o t h  h a d  t o  d e a l  w i t h  e s s e n t i a l l y  p r a c t i c a l  s y s t e m s  
a n d  i n  m a n y  c a s e s  t h e  r e a l l y  f u n d a m e n t a l  w o r k  h a s  l a g g e d  b e h i n d  
t h e  p r a c t i c a l  a p p l i c a t i o n  o f  k n o w l e d g e .  I t  i s  c o n s i d e r e d  b y  t h e  
a u t h o r  t h a t  t h e  u n d e r l y i n g  c a u s e  o f  t h e  p e r i o d i c i t y  o f  p o w e r  
o u t p u t  i s  c o n c e r n e d  v e r y  i n t i m a t e l y  w i t h  t l i e  q u e s t i o n  o f  s t e a d y  
a n d  n o n - s t e a d y  c o m b u s t i o n  s t a t e s ,  a n d  t h e  l a t t e r  p a r t  o f  t h e  
t h e s i s  d i s c u s s e s  s o m e  o f  t h e  t h e o r i e s  w h i c h  h a v e  b e e n  p u t  
f o r w a r d ,  c o n c e r n i n g  t l i e  t w o  s t a t e s  a n d  e f f o r t s  h a v e  b e e n  m a d e  
t o  r e l a t e  t h e m  t o  t h e  q u e s t i o n  o f  p y r o t e c h n i c  c o m b u s t i o n .
M e a s u r e m e n t s  w e r e  m a d e  o n  t l i e  f r e q u e n c y  p o w e r  d i s t r i b u t i o n  
o f  a  l i m i t e d  n u m b e r  o f  f l a m e s  a n d  e f f o r t s  m a d e  t o  f i t  t h e  r e s u l t s  
t o  t l i e  t h e o r i e s  w h i c h  h a v e  b e e n  l a r g e l y  d e v e l o p e d  i n  t h e  p r o p e l l a n t  
f i e l d  a n d  h a v e  b e e n  c o n s i d e r a b l y  m o d i f i e d ,  n o t  o n l y  b y  t h e  a u t h o r  
b u t  b y  a  c e r t a i n  n u m b e r  o f  p e o p l e  i n  t h e  p y r o t e c h n i c s  f i e l d ,  
p a r t i c u l a r l y  D o u d a  a n d  h i s  s c h o o l .  I n  t l i e  t h e s i s  i t s e l f  t h e  
m o d i f i c a t i o n s  h a v e  . b e e n  i n c l u d e d  i n  t h e  d i s c u s s i o n  o f  t h e  v a r i o u s  
t h e o r i e s  a n d  u n f o r t u n a t e l y  i t  i s  c o n c l u d e d  t h a t  n o n e  o f  t h e  t h e o r i e s  
e x a m i n e d  r e a l l y  p r o d u c e  a  s a t i s f a c t o r y  a g r e e m e n t  w i t h  t h e  o b s e r v e d  
r e s u l t s .
T h e r e  a r e  a  n u m b e r  o f  t h e o r i e s  w h i c h  c a n  b e  c o n s i d e r e d ,  b u t  
t h e  f i r s t  p r o b l e m  i s  t o  s e t  u p  a  s a t i s f a c t o r y  m o d e l .  T h e  m o s t  
c o m m o n  m o d e l  a s s u m e s  t h a t  t l i e  p y r o t e c h n i c  w h e n  b u r n i n g  i s  
e s s e n t i a l l y  a  s l a b  o f  s o l i d  r e a c t a n t s  c o n s i d e r e d  t o  b e  t h e  b u r n i n g '  
s u r f a c e ,  a n d  w i t h i n  t h a t  s o l i d  s l a b  t h e r e  a r e  t h r e e  i l l - d e f i n e d  
v o l u m e s  c o n s i s t i n g  o f  r e g i o n s  w h e r e  w e  h a v e  c o l d  r e a c t a n t s ,  t h e n  
r e a c t a n t s  i n  a  s o l i d  p h a s e  i n d u c t i o n  r e g i o n ,  a n d  t h e n  t h e  s o l i d  
p h a s e  r e a c t i o n  l a y e r .  A b o v e  t l i e  r e a c t i o n  l a y e r  t h e r e  i s  t h e  g a s  
p h a s e  i n d u c t i o n  r e g i o n ,  w h i c h ,  i n  t u r n  i n v o l v e s  t h e  f l a m e  f r o n t  a n d  
f i n a l l y  t h e  b u r n t  g a s .  I t  i s  o f  c o u r s e  t h e  e m i s s i o n s  f r o m  t h e  
b u r n t  g a s . r e g i o n  t h a t  a r e  v i e w e d  b y  t h e  s p e c t r o - r a d i o m e t e r .  H i e  
d i s c u s s i o n  s h o w s  t h a t  a t  l e a s t  s o m e  k n o w l e d g e  o f  m o s t  o f  t h e  
r e g i o n s  e x i s t s ,  a l t h o u g h  v e r y  f r e q u e n t l y  t h e  d a t a  a v a i l a b l e  i s  
f o r  c h e m i c a l  s y s t e m s  w h i c h  a r e  f a r  r e m o v e d  f r o m  t h o s e  u s e d  i n  
p r a c t i c a l  p y r o t e c h n i c  c o m p o s i t i o n s .
T h e  r e g i o n  w h i c h  i s  m o s t  d i f f i c u l t  t o  d e a l  w i t h  i s  t h e  s o l i d  
p h a s e  r e a c t i o n  z o n e  o n  w h i c h  t h e r e  i s  a  p a u c i t y  o f  d a t a .
V a r i o u s  w o r k e r s ,  i n c l u d i n g  t h e  p r e s e n t  a u t h o r ,  h a v e  a t  
d i f f e r e n t  t i m e s  b e e n  a b l e  t o  d r a w  c e r t a i n  c o n c l u s i o n s  
f o r  c e r t a i n  r e g i o n s  w h i c h  a r e  p o s t u l a t e d  i n  t l i e  m o d e l  
a n d  a r e  s t a t e d  a b o v e ,  u s i n g  r a t h e r  s p e c i f i c  c h e m i c a l  
s y s t e m s .  F o r  i n s t a n c e ,  t h e  w o r k  o f  H i l l  011 t l i e  i r o n /  
p o t a s s i u m  p e r m a n g a n a t e  s y s t e m  i s  o f  g r e a t  i n t e r e s t ,  b u t  
i t  i s  s i g n i f i c a n t  t h a t  t h e r e  i s  a . c o n s i d e r a b l e  d i f f e r e n c e  
b e t w e e n  t l i e  r a t e  o f  b u r n i n g  o f  l o o s e  p o w d e r s ,  a n d  t h e  
r a t e  o f  b u r n i n g  o f  c o m p r e s s e d  s y s t e m s .  T l i e  p r e s s i n g  l o a d s  • 
c e r t a i n l y  d o  n o t  h a v e  t o  b e  v e r y  g r e a t  t o  p r o d u c e  v e r y  
g r e a t  c h a n g e s  i n  t l i e  b u r n i n g  r a t e ,  a n d  i n  p y r o t e c h n i c s  f o r  
i n s t a n c e ,  l o w  p r e s s i n g  l o a d s  o f t e n  r e s u l t  i n  d e t o n a t i o n  
o f  t h e  c o m p o s i t i o n  r a t h e r  t h a n  s t e a d y  b u r n i n g .  I f  t l i e  
a r g u m e n t s  a r e  f o l l o w e d ,  t h r o u g h  f o r  t h e  v a r i o u s  r e g i o n s ,  
t h e  i m p r e s s i o n  i s  g a i n e d  t h a t  t l i e  t h e o r i e s  c o u l d  b e  t e s t e d  
b y  m e a s u r i n g  c e r t a i n  s i m p l e  p h y s i c a l  p a r a m e t e r s ,  s u c h  a s  
t h e  t e m p e r a t u r e  o f  v a r i o u s  r e g i o n s ,  b u t  i t  i s  n o t  u n t i l  o n e  
e n t e r s  t h e  f i e l d  t h a t  i t  i s  r e a l i s e d  t h a t  e v e n  t e m p e r a t u r e  
m e a s u r e m e n t s  a r e  e x c e e d i n g l y  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  
t o  m a k e  w i t h  a n y  d e g r e e  o f  a c c u r a c y .  H o w e v e r ,  i t  i s  p o s s i b l e  
t o  d r a w  s o m e  c o n c l u s i o n s  f r o m  a p p r o x i m a t e  r e s u l t s  a n d  o n e  
i s  f o r c e d  t o  c o n c l u d e  t h a t  t h i s  v e r y  s i m p l e  m o d e l , w h i c h  w a s  
p o s t u l a t e d ,  d o e s  n o t  r e a l l y  g i v e  s a t i s f a c t o r y  r e s u l t s  i n  
t h e  p r a c t i c a l  c a s e .  T h e  m o d e l  c a n  b e  i m p r o v e d  f o r  c e r t a i n  
c l i e m i c a l  s y s t e m s  b y  t h e  u s e  o f  t l i e  s o - c a l l e d  ’ t w o  t e m p e r a t u r e ’  
t h e o r y  o f  s o l i d  b u r n i n g ,  w h i c h  p o s t u l a t e s  p e a k s  o f  t h e  m o r e  
s l o w l y  d e c o m p o s i n g  o r  v a p o u r i z i n g  c o m p o n e n t  p u s h i n g  o u t  
f r o m  t h e  p l a n e  o f  t h e  b u r n i n g  s u r f a c e .  P r o v i d e d  t h a t  c e r t a i n
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b a s i c  a s s u m p t i o n s  a r e  m a d e ,  t l i e  t h e o r y  h a s  b e e n  d e v e l o p e d  
. s u c c e s s f u l l y  i n  t h e  c a s e  o f  a m m o n iu m  n i t r a t e  p r o p e l l a n t s ,  
w h e r e  t h e  p y r o l y s i s  r a t e  o f  t l i e  o x i d a n t  i s  t h e  f a s t e r .  I n  
c o n t r a s t  w i t h  t h i s ,  o b s e r v a t i o n s  o f  f l a m e  p i c t u r e s  o f  
a m m o n iu m  p e r c h l o r a t e  w o u l d  s u g g e s t  t h a t  t h e  o x i d a n t  p a r t i c l e s  
p r o j e c t  f r o m  t h e  f i l m  m a t r i x .  I n  t h i s  m o d e l  t l i e  p r o b l e m s  
s e e m s  t o  b e  o n e  o f  h e a t  r e a c h i n g  t h e  b u r n i n g  s u r f a c e ,  a n d  
s e v e r a l  s u g g e s t i o n s  h a v e  b e e n  m a d e  a s  t o  t h i s  m e c h a n i s m . .
T h e  s i t u a t i o n  i s  s l i g h t l y  c o n f u s e d  b e c a u s e  t h e r e  w o u l d  . 
a p p e a r  t o  b e  d i f f e r e n t  m e c h a n i s m s  e x i s t i n g  i n  h i g h  a n d  l o w  
p r e s s u r e  r e g i m e s .  F u r t h e r m o r e ,  t l i e  p r e s e n c e  o f  f o r e i g n  a t o m s  
i n  t l i e  c r y s t a l  l a t t i c e  o f  f o r  i n s t a n c e ^  a m m o n iu m  p e r c h l o r a t e  
c a u s e s  v e r y  m a r k e d  c h a n g e s  i n  p a t t e r n s  o f  b u r n i n g  a n d  i t  i s  
q u i t e  o b v i o u s  t h a t  i n  t h e  c a s e  o f  p r a c t i c a l  c o m p o s i t i o n s  t h i s  
m u s t  p l a y  a  m o s t  i m p o r t a n t  p a r t .  H o w e v e r ,  i t  i s  t r u e  t h a t  
m o r e  s o p h i s t i c a t e d  m o d e l s  a r e  b e i n g  p r o d u c e d ,  f o r  i n s t a n c e ,  
S u m m e r f i e l d ' s  " G r a n u l a r  D i f f u s i o n  F l a m e  M o d e l " ,  b u t  t h i s  
i n v o l v e s  a  l a r g e  n u m b e r  o f  v a r i a b l e s  a n d  i t  i s  n o t  e a s y  t o  
p u t  v a l u e s  t o  t l i e  v a r i a b l e s  o w i n g  t o  o u r  l a c k  o f  k n o w l e d g e  
o f  b u r n i n g  p r o c e s s e s .
T l i e  t l i e s  i s  s h o w s  t h a t  e v e n  o u r  k n o w l e d g e  o f  t l i e  o x i d a t i o n  
o f  m e t a l s  i n  s i m p l e  f o r m ,  s u c h  a s  w i r e s  a n d  p o w d e r s ,  i s  n o t  
v e r y  e x t e n s i v e ,  d e s p i t e  t h e  g r e a t  i n t e r e s t  r e c e n t l y  i n  t h e  
‘ c o m b u s t i o n  o f  a l l u m i n i u m  p a r t i c l e s  i n  r e l a t i o n s h i p  t o  c o m p o s i t e  
p r o p e l l a n t s  i n  r o c k e t s .  I n  t h e  t h e s i s  r e f e r e n c e  i s  m a d e  t o  t l i e  
o x i d a t i o n  o f  b o r o n ,  b u t  i n  r e c e n t  c o n v e r s a t i o n  w i t h  w o r k e r s  i n
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t h i s  f i e l d ,  i t  i s  q u i t e  o b v i o u s  t h a t  t h i s  w o r k  s h o u l d  b e  
r e - e x a m i n e d  b e c a u s e  o f  c e r t a i n  p r o b l e m s  a r i s i n g  f r o m  t h e  
s t r u c t u r e  o f  b o r o n .
I t  c a n  t h u s  b e  s e e n  t h a t  a  c o n s i d e r a b l e  a m o u n t  o f  w o r k  * 
s t i l l  r e q u i r e s  t o  b e  d o n e  b e f o r e  t h e  t h e o r i e s  c a n  e v e n  b e  
a d e q u a t e l y  t e s t e d .  A l t h o u g h  o u t s i d e  t h e  s c o p e  o f  t h e  w o r k  o f  
t h i s  a u t h o r ,  a s  a  r e s u l t  o f  s o m e  o f  t l i e  o b s e r v a t i o n s  w h i c h  w e r e  
m a d e  o n  t h e  v a r i o u s  f l a r e  c o m p o s i t i o n s ,  o t h e r  w o r k e r s  a r e  n o w  . 
s t u d y i n g  t w o  c o m p o s i t i o n s  i n '  s o m e  d e p t h  w i t h ,  t h e  h o p e  t h a t '  t h e  
t h e o r i e s  c a n  b e  t e s t e d .
W h i l s t  t h e r e  i s  a  f e e l i n g  o f  i n a d e q u a c y  a b o u t  t l i e  m o d e l s  
m e n t i o n e d  a b o v e ,  ' t l i e  s i t u a t i o n  b e c o m e s  m u c h  m o r e  c o m p l i c a t e d  
i n  t h e  c a s e  o f  p r a c t i c a l  p y r o t e c h n i c s  d u e  t o  c o m b u s t i o n  
i n s t a b i l i t y ,  w h i c h  i s  p r o b a b l y  t l i e  b a s i c  c a u s e  o f  t l i e  p e r i o d i c i t y  
t h a t  i s  s e e n  i n  t h e  s p e c t r o - r a d i o m e t e r  m e a s u r e m e n t s .  T h e  
o c c u r r e n c e  o f  c o m b u s t i o n  i n s t a b i l i t y  i n  s o l i d  p r o p e l l a n t  r o c k e t  
e n g i n e s  w a s  o f  c o u r s e  f i r s t  r e p o r t e d  i n  1 9 4 2  a n d  s i n c e  t h a t  
t i m e  a  v a s t  a m o u n t  o f  w o r k  h a s  b e e n  d o n e  o n  t h i s  s u b j e c t .  T h e  
p h e n o m e n o n  i s  g e n e r a l l y  a s s o c i a t e d  w i t h  t r a n s i e n t  c h a n g e s  i n  
b u r n i n g  r a t e s  a n d  t h e s e  c a n  a r i s e  f r o m  c h a n g e s  i n  t h e  ’ l o c a l *  
c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  o f  t h e  c o m p o s i t i o n ,  f o r  e x a m p l e  
H i e  o c c u r r e n c e  o f  v o i d s ,  H i e  p o s i t i o n  o f  i n c r e m e n t a l  s t e p s  e t c .  
a n d  d u e  t o  v a r i o u s  t i m e  l a g s  i n  t h e  t r a n s f e r  o f  e n e r g y  f r o m  
v a r i o u s  r e g i o n s  o f  t h e  s y s t e m .  I n  t h e  c a s e  o f  t h e  p r o p e l l a n t  
r o c k e t  m o t o r s ,  t h e r e  w e r e  H i e  a d d i t i o n a l  f a c t o r s  o f  a c o u s t i c  
r e s o n a n c e  d e p e n d i n g  o n  c h a m b e r  d e s i g n ,  H i e  p r e s e n c e  o f  
e r r o s i v e  b u r n i n g  e t c .
I n  p r a c t i c e  t l i e  l o w  f r e q u e n c y  i r r e g u l a r i t i e s  c a n  b e  
s u p p r e s s e d  b y  t h e  a d d i t i o n  o f  i n e r t  s u r f a c e s ,  s u c h  a s  t h e  
i n s e r t i o n  o f  r o d s  e t c .  ' i n t o  t h e  p r o p e l l a n t ,  a n d  i t  m a y  w e l l  
b e . t h a . t  t h e s e  s u p p r e s s  t l i e  a c o u s t i c  e f f e c t s .  T h e  r e s o n a n t  
b u r n i n g ,  h o w e v e r ,  i s  n o t  g r e a t l y  s u p p r e s s e d  b y  s u c h  m e t h o d s  
a l t h o u g h  u n d e r  c e r t a i n  c i r c u m s t a n c e s  t l i e  a d d i t i o n  o f  o t h e r  
m a t e r i a l s ,  s u d i  a s  c a r b o n ,  a l u m i n i u m  o r  m a g n e s i u m  s e e m s  t o  
s u p p r e s s  i t .  P r a c t i c a l l y ,  c e r t a i n  p r o p e l l a n t s  a r e  p r o n e  t o  
t h i s  r e s o n a n t  b u r n i n g  e f f e c t  a n d  u n d o u b t e d l y  t h e  s i z e  o f  
- t h e  o x i d a n t  p a r t i c l e s  p l a y s  a  p a r t  i n  t l i e  p h e n o m e n o n . H o w e v e r ,  
i t  h a s  p r o v e d  v e r y  d i f f i c u l t  t o  l i m i t  t h e  n u m b e r  o f  v a r i a b l e s  
i n  t l i e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  a n d  c o n s e q u e n t l y  a  s y s t e m a t i c  
a p p r o a c h  i s  p r o v i n g  t o  b e  d i f f i c u l t .
H i e  t h e s i s  d e s c r i b e s  w o r k  w h i c h  h a s  b e e n  c a r r i e d  o u t  i n  
s t u d y i n g  t h e  f r e q u e n c y  c o m p o n e n t s  p r e s e n t  i n  t h e  l i g h t  e m i t t e d  
b y  t l i e  p y r o t e c h n i c  c o m p o s i t i o n ,  t h i s  w o r k  f o l l o w i n g  f r o m  
i n d i c a t i o n s  o n  t h e '  s p e c t r a l  p o w e r  m e a s u r e m e n t s  t h a t  u n s t a b l e  
b u r n i n g  m a y  b e  o c c u r r i n g .  I n  s o m e  w a y s  t h e  p r o b l e m  i s  s i m i l a r  
t o  t h a t  o f  t l i e  p r o p e l l a n t  p r o b l e m ,  i n a s m u c h  a s  t l i e  l i m i t a t i o n  
o f  p a r a m e t e r  v a r i a t i o n  i s  v e r y  d i f f i c u l t .
T w o  c h a r a c t e r i s t i c  p a t t e r n s  h a v e  a l s o  b e  f o u n d  i n  t h e  c a s e  
o f  t l i e  p y r o t e c h n i c s ,  n a m e l y  l o w  f r e q u e n c y  o s c i l l a t i o n s  a n d  h i g h  
f r e q u e n c y  o s c i l l a t i o n s .  T h e  o s c i l l a t i o n  f r e q u e n c i e s  a r e  i n  t h e  
r a n g e  5 - 2 0  H z  a n d  1 0 0  -  2 0 0  H z  r e s p e c t i v e l y .  T h e  l o w  
■ f r e q u e n c y  e f f e c t  s e e m s  t o  b e  i n s e n s i t i v e  t o  t l i e  r a t i o  o f  f u e l  
a n d  o x i d a n t ,  t o  p r e s s i n g  l o a d ,  b u t  i t  s e e m s  t o  b e  s e n s i t i v e  t o
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t h e  a m b i e n t  t e m p e r a t u r e .  I t  m a y  w e l l  b e  d u e  t o  a  t h e r m a l  
e x p l o s i o n  p r o c e s s  a n d  t h e  t h e s i s  d i s c u s s e s  i n  s o m e  d e t a i l  
t h e  c o m p a r i s o n  o f  t w o  s i m i l a r  p r o c e s s e s  a r i s i n g  i n  s o l i d  
p r o p e l l a n t  c o m b u s t i o n . ' H o w e v e r ,  t h e r e  a r e  d i f f e r e n c e s  a n d  
i n  p a r t i c u l a r  i t  i s  u n u s u a l  t h a t  i n  p y r o t e c h n i c s  t l i e  e f f e c t  
i s  f o u n d  a t  a t m o s p h e r i c  p r e s s u r e .  A  c o n s i d e r a b l e  a m o u n t  o f  
w o r k  w a s  p u t  i n  t o  m o d i f y i n g  t h e  c o n c l u s i o n s  o f  v a r i o u s  
w o r k e r s  i n  t h e  p r o p e l l a n t  f i e l d  a n d  s o m e  e q u a t i o n s  h a v e  b e e n  
d e r i v e d ,  w h i c h ,  h o w e v e r  h a v e  o n c e  a g a i n  p r o v e d  d i f f i c u l t  t o  
t e s t  a d e q u a t e l y  i n  v i e w 7 o f  i n s u f f i c i e n t  d a t a .  T l i e  e x i s t e n c e  
o f  v o r t i c e s  i n  t h e  f l a m e  w h i c h  i s  a p p a r e n t l y  a s s o c i a t e d  w i t h  
t h e  i r r e g u l a r i t i e s ,  w a s  r e p o r t e d  b y  O ’ S u l l i v a n .  A t t e m p t s  
h a v e  b e e n  m a d e  t o  e x p l a i n  t h i s  v o r t e x  e f f e c t  i n  t e r m s  o f  
a c o u s t i c  s t r e a m i n g  a n d  i t  i s  f e l t  t h a t  t h i s  c a n  b e  d e v e l o p e d  
c o n s i d e r a b l y  w h e n  f u r t h e r  w o r k  c a n  b e  c a r r i e d  o u t  w h i c h  w i l l  
a l l o w  the  e x i s t e n c e  o f  a c o u s t i c  m o d e s  t o  b e  d e t e r m i n e d .
A s  f a r  a s  t l i e  l o w  f r e q u e n c y  c o m p o n e n t  i s  c o n c e r n e d ,  t h e  
t h e r m a l  e x p l o s i o n  o r  c h u f f i n g  p r o c e s s  h a s  b e e n  l o o k e d  a t  i n  
s o m e  d e t a i l  b y  c o m p a r i s o n  b y  t h e  r e s u l t s  o b t a i n e d  i n  t l i e  
p r o p e l l a n t  f i e l d .  A t  t h e  t i m e  o f  w r i t i n g  i t  i s  n o t  p o s s i b l e  
•to  r e l a t e  t l i e  e x p e r i m e n t a l  r e s u l t s  o f  t h e  l o w  f r e q u e n c y  e f f e c t s  w i t h  
t h e  r e s u l t s  t h a t  w o u l d  b e  e x p e c t e d  t h e o r e t i c a l l y  a n d  a  g r e a t  
d e a l  m o r e  w o r k  n e e d s  t o  b e  d o n e .  I n d e e d ,  i t  m a y  b e  m o r e  
p r o f i t a b l e  t o  c o n s i d e r  t l i e  a l t e r n a t i v e  t o  t e m p e r a t u r e  b u r n i n g  
s u r f a c e  t h e o r y  a s  b e i n g  a  m o r e  a p p l i c a b l e  t h e o r y  t o  t h e  p r o c e s s e s  
s e e n  i n  p y r o t e c h n i c  c o m p o s i t i o n s  a n d  f l a r e s .
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T o  c o n c l u d e ,  t l i e  w o r l c  h a s  p r o d u c e d  a  u s e f u l  a n d  
n e w  s p e c t r a l  a t l a s  o f  f l a r e  c o m p o s i t i o n s  w h i c h  i s  a l r e a d y  
p r o v i n g  t o  b e  o f  v a l u e ,  b o t h ,  i n  t h e  f i e l d  a n d  i n .  h e l p i n g  
t o  d e c i d e  w h i c h  o f  t h e  f l a r e  c o m p o s i t i o n s  w o u l d  d e s e r v e  m o r e  
a t t e n t i o n .  F r o m  t l i e  t h e o r e t i c a l  s i d e  i t  i s  v e r y  o b v i o u s  t h a t  
n o  s a t i s f a c t o r y  m o d e l  e x i s t s  a n d ' t l i a t  a  g r e a t  d e a l  o f  w o r k ,  
b o t h  t h e o r e t i c a l l y  a n d  p r a c t i c a l l y ,  s t i l l  r e q u i r e s  t o  b e  d o n e .
T h e  w o r k  d e s c r i b e d  h e r e  h a s  a l r e a d y  s t i m u l a t e d  f u r t h e r  r e s e a r c h  
w o r k e r s  w i t h i n  t h e  t e a m  a n d  f o r  i n s t a n c e  a  n e w  s t u d y  o f  s o m e  
o f  H i l l ' s  w o r k  o n  i r o n  p e r m a n g a n a t e  s y s t e m s  h a s  s t a r t e d ,  a n d  
a t t e n t i o n  i s  o n c e  a g a i n  b e i n g  p a i d  t o  t h e  s i m p l e  s y s t e m s  o f  
m a g n e s i u m  a n d  a n  o x i d i s i n g  a g e n t .  C e r t a i n  o f  t h e  r e a c t i o n s  a r e  
o c c u r r i n g  a t  a  l o w e r  r a t e  t h a n  t h o s e  n o r m a l l y ' o b s e r v e d ,  i n  
p y r o t e c h n i c  c o m p o s i t i o n s ,  a n d  c o n s e q u e n t l y  t h e r e  i s  t l i e  
p o s s i b i l i t y  t h a t  s o m e w h a t  m o r e  s i m p l e  e x p e r i m e n t a l  t e c h n i q u e s  • 
c a n  b e  u s e d .  H o w e v e r ,  i t  i s  s t i l l  r e a l i s e d  t l i a t  t h e  e x t r a p o l a t i o n  
o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e s e  v e r y  s i m p l e  s y s t e m s ,  o f t e n  
w o r k i n g  a s  l o o s e  p o w d e r s  o r  a t  v e r y  l o w  c o m p a c t i o n  p r e s s u r e s ,  
t o  t l i e  r e a l  c a s e  w i l l  b e  e x c e e d i n g l y  d i f f i c u l t .
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APPENDIX
v;: ; ' • - »SG7B ' PROGRAMME) , * 300 -> 800 HM.
WAVELSNG TIIS* ON BATA TAPES 
HIGH TO LOW*'. AND LOW TO H IG H .. ; -
FLARESPEC ? B.
* SEUD' TQft;+ED:/  SEMXCOMPYLED., ZZZZ>
‘ WORK* (ED„ COIvIPWORKFILE) . V  . " •
LIBRARY * ( ED, SUBG.ROUPSOSS, .  SUBROUTINES) ■' :
'PROGRAM' (S 0 7B )
‘ SPACE* 14000
‘ TRACE*- 2 v '* ; k • • ft - ■; ' “
1BEGIN1 : ‘ REAL*;MARKER, G A IN ,: TYPE, LSZSROy-LTZERO, FSZSRO, FTZERO
; LAMDAT, TV/OSUM•, THRESStRI,• FOUESUM, ALPKAT, LTPLUS1, 
Z,MAX, CT, SIGMA," SIGMAS, SUMS, SB, XMEAN+ YMEAN,
GMS, LNTH, SEC, SNSUI.C,/  BANDPASSy'.XStTM, YSUM, ZSUMs' 
‘ INTEGER* A, B , C, B ,ftE , POSNy N /ftBIG H LIM ,; T.,. P , Qy Aft,-.ft 
- ft ", R ,■ S , TOTAL,. K, LAMLANOS, LAMPNOS., HUM, STORSPOSN,
SPARE, CYCLE, NUNUM,; RTOT, PTOftP s • ..: ft . . '
‘ ‘ REAL' ‘ ARRAY* FLARE, RATIO, GAMMA, ■ IAMD.A, WAVLNTH, : 
ENFLARE, INTERLAMP ( - ls l5 p ) . , •*IA M P I56I I ,  LAMP6211,
LAMP6212 (1  i 1 0 1 ) ,  ENLAMP, P H O TX S TX M , YSTIM , ZSTIM '
($ 00  s 8 0 p ), M G  STORE, LAMP, INTERXSTIM, INTERYSTIM ,’ 
INTERZSTIM ( 1 : 1 5 0 )  s '
'■ , , ‘ PROCEDURE* , U SE( CILAIINEL NUMBER,ft F IL E  NAME) s
*VALUE1 * CHANNEL NUMBER/' * INTEGER* ‘.CHANNEL NUMBERfti.
. 1 STRING © F IL E  NAME:■  ’ EXTERNAL* s .k"
’* ■ ’ PROCEDURE' M T A S K IP  (CHANNEL NUMBER) ? 
b *  " CHANNEL NUMBER?. ' ’ INTEGER1. 'CH/UfHELyKUMBlSIlCy ’ 7 "  j
’ EXTERNALL’ i ' b  ' J \% b  b  7 b ' 'b F . b - ; ;  - . - :•
7 ? " ’PROCEDURE’ WEIT3BINARY(CHANNEL NUMBER, ARRAY, ARRAY' /
; NAM'E) s ’VALUE* CHANNEL, NUMBSRq ’INTEGER’/ CHANNEL NUMBER
■ 7 > 4 ARRAY';’/ ARRAY: « STRING ’ ARRAY NAME; ’ EXTERNAL ‘ s ;
. ’ PRO:C^)U}U3 , F R EM7 (CHANNEL NUMBER): ;b 7 7 \ b . - ,7
' b / :; ’ VALUE’ CHANNEL NUMBER? 1 INTEGER1 CHANNEL ;NUMBER;sbbf  ' 
' .: ' ’EXTERNAL’s
«BEG IN ’ / /  ; ’ INTEGER’-/ ’ ARRAY’ Z E R 0(0 s3 1 )  r  ALPHA, BSTA(32V63 ) ,  ; 7
y b  "■ delta (o7 6 3 1)? . 7 y' 7
(dXNTBGER’ SHIFT, I i ' *• ■ .. /
■7/" . ’ REAL’ R ; ’ INTEGER’ J s ■ ■ ' V  . ■ 7- . y '
b:; 7 b  , ' • INTEGER ’ PROCEDURE’' RFAD5Q3CHv / 7 b /  77 
’BEGIN’, yy ’INTEGER’ CHs . b  / b y  b ' '/ - b y b y  '
' 77; .7 CHs =-READTAPEsI' ' 7777 ; ' yb'' y-7 ’- b y b v y b  
b ' b I F » CH>3967 ’THEN ’ CH s-DELTA(CH-3960) ’ELSE’
’BEGIN’ ' y ' ’IF’yCH>.63 ’THEN’ 7> ; ./ by"' ' /-
«BEGIN ’ b  7«IF * CH>3903 ’THEN ’ > : ‘ 7
* BEGIN b  /CHs- CH-3904 S -bv ’: ' 7 /-■ 7b//y '
b  ' - . : SHIFT'S*! ;/ y ‘ " ;7':' .
;'7: 'e n d * ‘ELSE’ - / b y b -• b b  : y
' ./ ‘BEGIN* CHs~ 3840? b -77.-■' b ’' b  7-
7, SHIFT s-Os V . 7 ’ y b  . b : "7
: ’END’ :7 77 ■ b  ■ '■ . . y (?7 V 7' 7 y y x ■
• ’END*: : ' b y  y 'va 7. , b b -  ‘‘ . y v b " - /
f 3 7 CHs=; ’IF’ Cfl>32 ’THEN/’ ZERO(CH) ‘:EL$E’; ’IF’ sfe/ET^O 
b  7 ’THEN’ b b  ; 7.. * b b ’
ALPHA(CH) ' ELSE' B E M (C H ) ?• "V
X * ’ . ‘ ' ‘ V X
■:*. *eni)« r > .. ■ •X . ' ■ . •.
READ503 CH s =CH ?
1 .
‘ END1 READ503CH? P1K)CKDTJKE IN IT IA L  READ5O3CH;
•BEGIN' X  ' 33JT33GER* I , J  ? '■ — y  ; -
•PROCEDURE' SW 0P(A,B) $
'•INTEGER' . A, B? k ‘ • - - ; ;:-
•BEGIN' / J j = A? X  -X
■ As=B? A . ' \
B j= J  y
• .•END* SWOP? ,k ■ /• • /-
•FOR' Is--0  'S T E P ' 1 ' UNTIL* 15 'DO'
•BEGIN*: Z E R O (l) s= 1 + 1 6 ? / ZERO (1 + 1 6 )  ;«  1+80? . /
ALPHA ( 1+ 3 2 )? =  I +961 ALPHA( 1+ 48) s = 1+ 32? k 
BETA( 1 + 3 2 ) t~ 1+48? BETA( 1 + 4 8 ) :  = 1+112?
• ’ , ' D E L T A (l) s= l+ 6 4 ? D E L T A (l+ l6 ) :  = 1;- ’ '
v k  'E N D '?
•FOR* Xs -  1 ,  2, 4 , 7 ,  8 , 1 1 ,  1 3 ,  14 •DO•
' 'B E G IN ' .a SWOP;(ZERO) ( l ) ,  ZERO ( l +  1 6 ) ;
"’ -k SWOP (ALPHA(32+ 1 ) , ALPHA ( I + 48 ) ?
. , swop (b e iia ( 32+ i ) ,  b e t a ( 1+ 4 0 ) ? X---.
1 SWOP (D E L T A (l) , DELTA( 1 + 1 6 ) 5 " X  \  1  ’■
' •33SrD*; ■ \ x
•FOR' I s =60, 6 1 , 6 2 , 63 'DO* ALPHA( 1 ) s“ BETA( 1 )1 
« ’P E M A ( l)
: 'FOR* 1 ;« 3 2  •STEP• 1 'UNTIL* 51 ’ DO' DELTA ( l ) s =  ~ 1 ;
X  DELTA ( 5 2 ) :  = 4 4 j D E L T A ( 5 3 ) 109?
-d e lt a ( 5 4 ) V ~ iio ?  d e l t a ( 5 5 ) *~47j
DELTA( 56 ),s - 1 2 4 ; B E L T A (5 7 )s « 6 l?
DELTA( 5 8 ) f« 6 2 ; DELTA( 5 9 ) s » 1 2 7 } ‘
• READTAPE; '
SHIFT ?-0  5.
1 END1 IN IT IA L  REAP503CH;
•INTEGER1 •PROCEDURE'. READTAPE?
•EXTERNAL';
• REAL* PROCEDURE * READE?
'B E G IN • . '.INTEGER* C.D?
. 'REAL* NO? ‘ .
•BOOLEAN' BOO.BOO1 ;
L I  8 Cs»READ503CH; '
• IF 'C  =76 •OR* C«10 «0R’ C=90 •THEN•
•BEGIN* ’ FOR* C 1-READTAPE ’ WHILE’ C$3984 ’ DO<SKIPCH;
'END1 ?
'IF *  C=0 ’ OR’ C=64 •OR* C=4 'OR C=2 'O R' C=127 'THEN 
'GOTO* L I?
N 0?=0; Ds**0?
BOOs= ' I F '  C=30 'THEN' 'TRUE' 'E L S E ' 'F A L S E '?
BOOT- 'IF *  C -3 1  'THEN* 'TRUE' 'E L S E ' 'F A L S E 1 ; .
* I F  * cVL5'AN D' C<25'THEN ' 'GOTO' L3?
L4s C8»REAB503CH;
‘ IF.? C-7 6  'O R' C«10 ' THEN1 *.
k  'GOTO' L 5 ;
• IF '  CXI 27 •OR* C=0 'OR' G-29  'THEN' 'GOTO' L4?
. ,1  I F '  C=64 'O R1 C=4 'O R' C=2 'THEN' 'GOTO' L5?
* BEGIN«
'BEGIN*
'BEGIN*
' I F '  C«31 1 THEN1 
B 0 0 Is = 'T R U E '?
GOTO' L4 
'E N D ';
\ I F ' ( / l 5  * OR1 C>25>THEN'
WRITETEXT ( ' ( *  1( ‘ C*) ' DATA$ERROE^HARACTER$IS?£«) 1 )
PRINT (C , 3 » 0 ) j
PA U S E (O l);
'GOTO' L I  
'EN D '?
L3? N O :«N O nO + C -l6 }
' I F '  BOOl ' THEN1 D j «D +1;
'GOTO' L4J
L5s N O s=N O /(lC tD )?
'IF *  BOO ' THEN1 NO»«wNOj 
REA.BE t^NO 
' END1 $
'R EA L' 'PROCEDURE' EQUIFOLPLUS( XBASE, Y , ARG, P , N , M, H ) 
'VALUE* XBASE, ARG,M ,N,H,P? 'IN TEG ER' P,M ,N ;
'R EA L' XBASE,ARG,Hj 'ARRAY' Y j 
•INTEGER' I,J ,K ,M L E S S 1 ; ' REAL' J H ,F I?
•ARRAY' F(OsM) ?
Ks« (N -P ) */ 'H f  
' I F '  M>K 'THEN' Ms«K;
Ii=(ARG~XBASE)/H~M'/'2;
J  s = ' I F ' I< 0  'THEN* 0 'E L S E ' ' I F '  I+MMC
‘ THEN* K~M ‘ ELSEV X V ,
'FO R' I ?=0 *STEPf 1 ‘ UNTIL* M ‘ UO* 
f ( i ) swY (‘p + ( i + j )* h ) j ft .;;,:
’> ARC:»  AKG-XBASF+ -J*H 5 , - : ft • 4
ft.' • k’MLESSl % «M ~1;
, ft . ‘ FOR* I s  =0 ‘ STEP* 1 ‘ U N TIL’ MLESS1 *JJO> 
•BEGIN* F I $ = F ( l ) ; JH s.kH | -
• .. ( ‘ FOR* J s =1-1-1 ’ STEP* 1 ‘ U N TIL’ M ’ BO' 
‘ BEGIN* F ( j ) ?"  Fi+ARG* ( F ( j ) ~ F P ) / j H |  ft
4 -JHi* ' ,,
: ’END*j ;
ARG1«ARG-Hj 5 ' ;  * •
' M l ' ; _ • .ft
EQUIPOLPLUS : = F (M );
‘ END* EQUIPOLPLUS;
IN IT IA L  REAB503CH; .
. USE ( 1 ,  * ( * FLARESPEG ■*)'.)»
SELECTINPUT( 3 ) 5  E
•FOR* A : « l  ‘ STEP* 1 JUNTIL* 101 'DO*ft 4 • a ‘ O ,
LAMPI56 I I ( A ) s -  READ.j 
ft : (’FOR * As =1 ' STEP * 1 ' U N TIL' '  10 1 'DO' 
LA M P6211(a)s =READ ? 
ft ftIFOR* A s = l ‘ STEP* 1 ‘ UNTIL* 101 ‘ DO* '
LAMPo 2 1 2 (A )?  S--READ 5 ■ ; ,
* FOR * = 300 ‘ STEP* 1 ‘ UNTIL*799 ‘ DO* 
X STIM (A ) s«READ.; • .
* FOR * A t =300 ‘ STEP‘ 1 ‘ U N T IL «799 ‘ DO*
6
y. '/  y . - ; 7 . y ? ' . / ,  ( y y  ; yy ( ,bb •/' yv* ./*■? /•>/>■*' 7 a  -'V 7 77 -' <} ..."‘-7/- b;. b 7" -/-.a .-.7 . a
byb.  ^ y; s:; ' :7 ..7 ■' • '/ 7 < ^  3 ' ■’ v 7 7. _ by/7. v i1 b bb’ ;v  ;v.//7 b.bY'.' ■ * y" "r; ;b 77 ' b
. - 77'3+ YSTIM ( A) SPREAD 5 / 3 b b  : ,3- / b i b / '  •, . 77b7:,y v .3; yy . : y '
' • “•FOH1 A ?-3 0 0  ’ STEP' 1 «UNTIL«799 'DO* . b y a / / - ' ' 7 b ' 7 y v .;
v ; 3 .; :2STIM (a ) £t=REAi>;: 7 - / '  y b b “ • b b y  . ." 7 y b  - _ y  ' b y b b y
-  1 FOR’ A y y  00 ’ STEP1 5 ’ U N TIL'8 0 0 / ’ DO1 PHOT ( A j  t -READ j • ■ b  .
y . ■*' 7; .Z4* micdanos5 =read? 3 7;3 ■ • 7 :/b:7 ■', 3;
SELECT INPUT ( 0 )  ;. 7  ■ , 7  ' V b  - . " 3
. 77 y c?"0| . v „ ;-:77 . y7, 3 y 3 /:
- . ’FOR* As«l ’STEP' 1 'UNTIL' LAMDANOS 'D0‘- 7 7-;:V * . 7 ;' : 3 .
»BEGIN« MARKER : -READE 5 D : =0; . * • . -. fy .by ' b  V  g y 7 : k7 7 '
‘FOR* Bs~C., B-j-1 ’WHILE’ J>#999 ’DO* 7;/3* 3* b / 7  ; 7b- \ ,,b;7 7. . y  
’BEGIN’ Y?AVLNTE(A+B) SPREADS;/ yb*y -7b k‘:y V 7  • 3 7 y/'-'bby/b;-.
• y ' .. ’if 1 y/avlnth(a+b)-99999 ‘then’- - • • .3 + 7. 7; ■ b b  y b :
! beg in  ' / '  • d t =999 5 • 3 , . ; b  b b b  . . ;>  7  b y  . 7 b  . y ^ - b y ,  7 7
3' b  yriO TO ’ / L L i f  : ; > b V b r ; 7 : • 7 y. * b  y b  ' 7  .. ,7 , . : ; y ;j y 7
. - -7 : b y  3 fEN D *?7": /;•■/• 7  : > 7 p  . “ ' y _  . 7 7  ■ y y b :  ' . 7 y b - b
'7; IMUvTDA(A+B)?=READE5 -;7b'7; 'b * 7 7 b7' • ‘ b;7 ; • :y7y7
WAV1NTH ( A+B) s TH( Ati-B) -MARICER) /lO O  j 7 7- - '  - /  ’ > 7' y i y
■•'7 L L ls  . ’ END’ j ,r ' ; -7 7 7 7  '-7.- 7 7 ‘ -" y 7 b -  y  •: ,  ' ,7. / r t b
C s = B -2 5 y  7  y  -' _ . b  y  y  7 ; . y - ' ; y  -' . , 7 b y 7
. -7 , ’ END' ? . 7/7. ..y-'b •• ■•./ ■. y-.., . y b 7 ' b ;b ’; ' • i7 " 737' •
V - n s = a + c -.i?  3 b y  y  - • 7 : .3 c b / 7  ; ’ • . 7 v y y - 7 - :; y b y  •
: ’ .y' PAPERTHROY/5 ":3 ' 7  . • . ■  ^ / ; /  7  - . . . 7 ;y - / - .  : - y / /  -
: V 7 • 7 ’ WRITETEXT ( » ( »LSAST^SQU/ffiES^FIT/oTGbjAVELiTTGTH^aDATA«)’.); . ’ ■ :3 ■'
b .  ■ /••;.;•/ V :NEWLINE(2 ) 1 -7 • -: ■ ■ - / b -•:7:3' ■ : • y • y  . 7  3 ■  ’ , 7-7 ;■ 7 / ?3 7 ■ ■
. / 7 7  Y/RITEPEXT( ' ( »POWER» ( «1 0 S ‘ ) ' POLYNOMIAL’ ( ’ 1 0 3 ’ ) 5DEGREE’ ( ’ I I S ' ) '
7 ,  MAXIMUM» ( 1 0 S ' ) « POSITION' ( '1 0 S !;) ’ Cokl^SOF ’ j  » ) ?N B 7LIN E (1) j- *7/7
.'B E G IN 1
•BEGIN'
'B E G IN ' :
WRIT E l’EXT ( ' ( «/a0F/X' ( ' 1 2 S ' ) ' COEFFS* ' ( '20S.» ) ‘ RESIDUAL1( * 2 5 3 ' ) *  
SUMS/SQUARES') '• ) ?  . X X  X  - A A ,: X  •.
H IG H LB I?X 4| ' . • ’ :: ... X X  X  .
•REAL1 'ARRAY1 O PTLESSl, OFDf P0LYC OEFFS( 0 s6) , EVOPTLESSl, ; 
EVOPT, R ESID S, X,Y-( 1 :N ) , ST0REC0EPF(0 8 4 ) »TWOCDEFFS,: THREE 
c o r n s ,  FOURCOEFFS(0  £4 ) > STO RESIJ)S(l sN) j
SIGMA ?~SUMS 8«0; • .. • y v ;X X
OPTIjESSI( 0 )  s = l/S Q R T ( N) i  O P T L E S S l(l)  Y ; A '
1 FOR' A 1 «1 1 STEP1 1 'U N T IL ' N 'DO' X  / A  / ' V
y ( a ) 8>*lam d a( a ) ? ' ' . : ■ A X - ^ - ' -
XCa / s-WAVLNTh Ca ) ? ■ ! V • ; +
SIGMAs =SlGMA+X(A) 5 X  X X  ' a
SUMS?«SUMS-iY ( a ) |
‘.e n d * ? ;• x  • - "  ; •
:3QMEAN8^SIGMA/N?k ' ' A ' - k ; X
•y m e a n :==sums/ n ? , - x  x ; x
CT 8 -SiGMAS ? ~ 0 ;
«FOR• A 8-1 * STEP X I  'U N T IL ' N'DO* X.- X .  A ■ X  ‘ .
: ‘ BEGIN' a SIGMAS s«SIGMAS+( ( x ( a )~XMEAN?2)? X
’ END*?. X X  ' ' k  • ' '• , X  ■ • A: ?
LAMPAT8-SQRT (SIGMAS)-sA • - / .  AA 'A - (A,
i/LAMDAT? . _ . • A • ' ‘ . . X . '
MAX g 0 1 : X  ' .  ; ' ''
‘ FOR* A 8=1 'S T E P ' 1 'U N T IL ' N 'BO*
EVOPTLESSl( A ) s-OPTLESSl ( 0 )  ; . ' v < - X ' "  ' x
RE SID S (a ) 8=Y(A)r«YMEAN5 . X X "  a  X./ ' ‘ PA
1 I F ’ A B S (R E 3ID S (a )>ABS(MAX) ‘ THEN1 X  ' X  '• A > X  : a"
V
‘ BEGIN* "
‘ BEGIN‘
. 1 BEGIN ‘
' BEGIN *
MAXf » R E 3 i:0 S (A );
POSN s«A;
‘ END**
EV O PT(A )s=(X(A)«XMEAN)*SB5
’ ; * EN D1 f .
: N M LIlBG(:i:) SPA 0E(2) j G A IN l« 0 ;
PRIN T(G A IN , 1 , 0  ) ; SPAG E(9)V p r in t (y m e a n , 4 ?4) 5s p a c e ( 9) 
P R IN T (G A IN ,1 , 0 ) ;  S P A C E (lO )j PRINT(MAX,4 , 4 ) I SP A C E (8); 
PRIN T( POSN, 2 , 0 )  ; SPACE(6) ; P RIN T(N ^(Y]>® A N ^2)U ,4 ) j 
LAMDATs =LAMDAT*0PTLESS1( 0 ) ;
OFT ( 0 ). s=~ SD.XXMFAN; 4
O P T ( l) s=SD; ‘ '
PQLYCOEFFS( 0 ) s ==YMSAN+OPT( 0 ) f’CT; .
POLYCOEFFS( 1 )  * = O F I( 1  )*CT j
‘ FOR*-Yu=2 ‘ STEP* 1 'UNTIL* HIGHLIM 'DO*
O PTLESSI(a ) s=OFT(a ) s=POLYCOEFFS(A) s=0;
‘ END1 /
MAX s =ALPHAT s =0;
'FOR* A s L I ‘ STEP' 1 'UNTIL* N *D0‘
ALPHAT s =ALPHAT+X ( A ) * ( EV OPT ( A ) f 2 ;
RES ID S (A ) t»  RES1D S(a )->CT*EV0PT(a ) ; •
' IF *  A B S (R E S ID S (A )) >ABS(MAX) 'THEN*
MAX %=RESID S( A) ;
;POSNs = A ;;
• ‘ END*;
1 END' ;  . ''
, N M L IN E (3 );  S P A C S (2); TY PE?«1;
ft.P R IN T (G A IN ,1 , 0 ) ;  SPACE(9) ;  PRINT(POLYCOEFFS(O), 4 , 4 ) j
•BEGIN' 
•BEGIN1
•BEGIN*
• BEGIN *
N EYfLIN E(l) . s PACE(2 ) ;  PRINT (TY PE,-1,0 ');  S P A C E R ) I 
PRIN T( POLYCOEFFS( 1 )  , 4.»4 )?  S P A C E (9 )5 PRIN T( TY PE,1 , 0 ) ?  
SPACE(1 0 ) ;  PRINT(MAX, 4 , 4 ')  5 SPACE( 8 ) j PRINT( POSN, 2 , 0 )  
SPACE(6 ) ;  PRINT( CT*CT,4 ,4 ) >  NEWLINB(2 )?
•FOR* As- 2  * STEP.* 1 'U N T IL ' HIGHLIM 'BO*
LTPLUS1t ~ 0 ?
•FOR* B s = l 'S T E P ' 1 'UNTIL* N '1)0*
MAX ? -  ( X ( B ) -ALPBAT?*EVOPT'( B ) - LAM) AT* EVOPT LES S l 
( h )  I
EVEOPTLESSI(b ) s-EVO PT(b ) ;
EVOPT( B ) s-MAX ?
LTPLUS1s-LTPLUSl+MAX^2|
■ \ k .
LTPLUS1i -SORT( LTPLUS1)5 
S D s« l/L T P L U S l;
CTs-O?
•FOR* B s = l * STEP *’ 1 ‘ UNTIL* N *B0‘
EV0PT,(b ) s-EVOPT( B ) * SD;
CT s- CT+EV OPT( B ) * R E S IB S ( B)5 
'END*1
•FOR* Bs*~0 'STEP* 1 ‘ UNTIL* A ‘ DO*
•IF;* B<1 ' THEN1
MAX s - (~>ALPHAT*OPT ( B) «LAMDAT*0FTLESS1 ( B)*SD 
' ELSE' MAX s= ( OPTLESSl( B - l ) -ALPHAT*OFJ?( B ) -LAMDAT* 
O PTLESSl(b)»SD ?
O P T L E S S l(B );-O P T (b ) ;
OPT(B)s=MAX;
: POLYCQEFFS(b) j =POLYQOEFFS(B) -i-CT* OFT( B) ?
‘ I F ’; A=2 'THEM* TWOCOEFFS(b ) s=POIYCOEB’F S ( b ) ; 
ft - • 1I F 1 A=3 7 THEN'*Tim EECOEFFS(B)8=POLYCOEFFS(b ) ;.
. * IF* A=4 'THEM' FOURCO:OFFS(B) s+POIjYCOEI'FS(b ) j 
+  4  N E \7L IN E (l) ; SPACE( 2 ) /ft- ft ft 'ft
■; 4  ■ P R IN T (B , 1 , 0 )  ; 'SPACE ( ? )  5 PRINT (POLYCOEFFS(b ) , 4 , 8 )  ;
* I F  * B=A ‘ TBEU  'B JU IN ';.;S P A C E (9 )tP k IN T  ( 4 , 1 , 0 )  s 'END 
ft ' ‘ END*; . /ft; ' 'ft© ft ft'
ALPHAT s=0‘; MAX s = 0 ; ' - - ft x '  /
. ‘ FOE* B ? = l * STEP * 1 ' UNTIL*. N 'BO*
5 BEG IN  * . R E 3JD S (b ) s^/1ESID S(b )^CT->;-E70FT(b ) $
ALPHAT VwALPHAT+X( B ) * ( 3W 0PT(B )f 2 ) ; , ftV ft 4  ft + ;  - 
' I F ' ABS ( RSSID S( B )/5ABS ( MAX ) ' THEN ' ft
’ BEGIN.' - lvHVXr=RESII)S(B); POSNs=B; t"; ft k : •’ ' ft •
- f t  ‘ END* f t  ' '
‘ END1 /  S P A C E (o)j •: •;
‘ I F 1 A=2 *THEN.‘ ; TWOSUM; ==CT^CT;
‘ IF *  A»3 ’ THEM* THREESIMsLCT*CT;
• ‘ IF* A=4 1THEN‘ FOURSUMs =CT'*CT;
PRINT (MAX , 4 , 4 ' ) ;  SPACE(S) ; PRINT ( POSN, 2 ,0  ) ; SPACE(6) ;
ft.PRINT(CT*CT54 , 4 )  J NE.;V L IN E (2 );
' LAMDAT s =LTPLUS15. ft k : '; : ' -  ' ' ’ ’ ■
ft END *;
NEWLINE( 3 )  j SPA CE(44)? ' ' > ' ft
WRITEPEXT ( * ( * RESIDUALS * ) » ) ;  N M L IN E ( 1 )  ? >:•. : . -
> .ft ft; ft MAX: = 0; *4. .
‘ FOR* B : = l  1 STEP* 1 ‘ UNTIL*kN ‘ DO*
* BEGIN ' NEV/L1NE(1> ? SPACE(44)?. . ' " X  .■ k y-; '
PRINT (.RESINS ( B) , 2 ,;5 ) I MAX? -MAX+ ( H E S IB S ^ B )^  ) ; ' + ‘ ' k / y
' E N P ' j X /  ” X - •': rk / ;k y - ,  X 'k  ' / / X  R k  • v  X
n e | l i n e ( 4 ) :; s p a c e ( 4 1 ) i X y  * y • ‘ > / ; .  •/ X X / '  , X y  ' y
WRITETOTC 1 ( * S tn ^ I'/sq U A R E S k  « ) f ) | NEWLINE(2 ) /S P A C E (4 4 ) j 
PRINT (MAX, 2 , 5 )  : PAPERTIIROV/s NE;,/L IN E (6 ) ; A. :*= . y -. ‘“X .- X
• IP  *v TWOSUM^THREESIJM ! AND' TWOSnj'MCEOIJRSUM 1 THEN ! . X  
'FOR » B 8-0 « S T E P ! / I T  U N TIL' 2 'BO' X  ■ y  . ’ k . 
STORECOEFF(B) f.-TWOCOEFFS( B) ; ( ( ' k y 5  i  ' ■, . ‘ ; ; , . .; X
:s t p r e c o e if ( 3 ) s f St o r e c o } »  • .
WRITETEXT( ' (*<T N IS % R U N /^
'SQUARES/ FIT,. 1 ) ' )  ; PEN B’ ; k y X k  X ' ,X .v  ‘ X ‘X y -
' I F ' THREBSU1K3W0SUM ^' ANB' T HR EESUrX F OU RSI' M '}■3 THEN ’ X  y . : ' ( .. ; 
'FO R' B 8-0 ' STEP' 1 'U N T IL ' ;3<D0' . ; = ';* y  y k  ; , 'k""'  ■
,STORECOEFF(B) 8-TI'IRSEC0PFFS(b) ; STORECOEFF(4).8»-‘0 j s p a c e ( 3 4 ) *- v 
YffiITETEXT( ' ( 'T H Ix X U N X /IL ]y X S }y ;X X H IR B -O R ])E X X E A S T -S iyJA R ES / 
F I T . ' E N D '  ; \  0  .. k y ' X
• I F « FOURSU M<T WOSUM ' ANB' FOURSUl.KTHREESUM ' THEN' A •• : .k 
'FO R' B := 0  'S T E P ' 1 'U N T IL ' 4 'DO' y  - ,k "  . X  X  • 
STORECOEFi?(B ) XF0U RC0E F F S (b ) ; S P A C E ( 3 5 ) ; X  " : y , y v  y
7/RiTETH<T.( .* (;' TH I ^ & U N A < W iL L ^ S E ^ ^
-SQUARES/ F I T . * ) 1) ;  ' END» ; ‘ . .. ; k y k .  y X y y .
sele u T IN P U T ( 3 ) ;  y ^ k '- X ' ................ / . y ' X  -.y, r - ;
M : - R E A B ?RTOT?=PTOT8>kOTUM:«0; y  X - /
Z l i  TYPEs-REAB?. ' • ' ;k ’: X  - . ... ( X y X  , ' ’VXX ' X X
MAGSTORE(l) s«TYPE; •• ^ V y k y k .  X
•BEGIN1
SEC SPREAD;
Z21 TOTAL:--READ?
NEWLIN E( 6 ) ?
•REAL' ’ ARRAY1 MAGSTOR:;(lsTOTAL+6) ?
•SWITCH’ S l i « X l , X 2 , X 5 j  
LAMPNOS:*~READ?
NUNUM i »NUNUM+1;
MARKER: -TYPE? NEWLINE( 1 )  ?
WRIT ET EXT ( ’.( ' COMPOSITIO) J.TYPE' ) ’) ? HURT ( ENT I ER( TYPE)
3 , 0 ) ;  TY PE:-  ( T Y P E -® T T IE R (T Y P E ))* 1Q ? •
CYCLE?-TYPE?
’ I F ’ CYCLE > 0 .5  ’ AND’ CYCLE<1*5 'THEN' WRIT EXTEXT( '  ( ' A ' ) ' ) ;
' I F '  CYC LER I o 5 * AMD* CYC LECH. 5 'THEN' \7RITSXTEXT( ’ ( 1 B« ) » ) ?
' I F « C Y C L E D . 5 ' AND« CYCLE<3.5  1 THEN ’ WRITS3XTEXT( ’ ( ' C «) ’ )
TYPE : ^MARKER ?
NEWLINE( 3 ) 5 SPAC3( 2 5 ) ;  W RITE!EXT ( « ( • BURN/aDATA • ) « ) ?
NEWLINE ( 2 ) S P A C E (2 5); WRITETEXT( ' (  'MASS' ) ' )  ; SPACH(7)j  
PRINT(QMS,3 » 3 )5  S P A C E (5 )? WRITET EXT( ' ( ' GRAMS» ) ' ) ;  
N m i N E ( l ) ;  S P A C E (25); WRITETSXT( ' ( ' LENGTH' ) ' ) ; S P A C E (5 )|
p r i n t ( l n t h , 3 , 3 ) ;  s p a c e ( 5 ) ;  y/r i t e t e x t ( ' ( ' i n c h e s ' ) » ) ?
NEWLINE( 1 ) ;  SPACE(2 5 ) ;
YffilTET3XT( « ( ' BURN' ) ' ) ; SPACE(? )  ; ’ I F ' SE(#0 ' THEM’ 'B E G IN « 
P RIN T(SEC , 3 , 2 ) ;  SPACE(6 ) ;  YffilTETEXT( ' ( ' SECONDS * ) » ) ; « END' '  
•ELSE' 'B EG IN ' SP AC E (3) j  WRITETEXT( ' ( 'UNKNOWN' ) 1 ) ? ’ END'? 
NEWLINE( 1 -) ; SPACS( 2 5 ) ;  Y/RITETSXT ( ' ( ' DENSITY ’ ’ ) ; SPACE( 4 ) j 
P R IN T (G M S /lN G T H v3,3)5 SPACE(5) 5 w r i t e t e x t ( ' ( 'GMS/lNCH') ’ )? 
N E.V LIN E(l)$ S P A C E (25); WRITETEXT( ' ( ' BUMyRATE' ) ' ) ; SPACE(2)
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' BEG IN «
1 BEGIN1 
‘BEGIN1
' I F  ‘ SIX# ) 1 THEN1 ' BEG IN ' PRIN T( GMS/SEC, 3»3 ) 5 SPACE( 5 ) 5 
WRITETEXT( * ( 'G M /./S E C , ‘ ) ‘ ) ; NEv/LIN E ( l )  ; SPACE(‘3 6 ) ;
• PRIN T( SEC/LOTH, 3 , 3 )  5 SPACE( 5 ) I Y/R1TETEX!( ' ( ‘ SEC. /IN C H  
‘ END' ' ELSE» ‘ BEG I N 1 SPA CE( 3 ) ; WRITETEXT ( ' ( 1 UNKNOWN' ) 
‘ END’ .; RTOT ; =RTOT+TOTAL ; '
SELECT INPUT ( 0 ) j MARKER: ---READE; FSZERO s =READE 5 LSZERO; 
EEADE; MARKER s ^MARKER/IOO;
‘ FOR1 A : ~ l  ‘ STEP* 1 ‘ U N TIL' TOTAL »D0‘
WAVLNTIl(A) i =RE.\DE; ‘ 1 F ‘ WAVLNTH(A)=99999 
'THEN' 'GOTO' Z3;
WAVLNTH (A )s  =WAVLKTIJ.(A)/lOO5
FLARE(A)s=READE; 1 I F '■ FLA R E (A )«9 9 9 9 91 THEN1 ' GOTO1 
2 3 ;
LAMP ( A ) s =READE; ' I F '  LA1.IP(A )«99999 'THEN*
'GOTO* Z3;
‘END* ;
FT ZERO: NREADE; ' I F ' FTZERO=99999 ' THEN' . »GOTO * Z3 
LTZEROs»READE; ' I F '  LTZERO=99999 'THEN' 'GOTO' Z3; 
GAINseREADE; ' I F '  GAIN=99999 1 THEN' 'GOTO' Z3;
SPAREswREADE;
' I F '  SPARE=99999 1THEN' 'GOTO' START 'E L S E '
'FO R' A : = l  'W HILE' SP A R ER 9999 'DO'.
SPARE?.« READE;
'END';  Z3s N EV /LIN E (2);
..NEWLINE ( 1) 5  • . "
14
- WRIT EXT ( ' ( ’ IS /T IIK ;o 10 * 47^FO I^rH ^EXT>:cO M PO SITIO N  
SELECTINPUT( 3)5
' FOR» SPARE: =NEXTCH ' Will L E ' SPARE=16 ' DO • SKIPCH;
' I F *  SPARE=CODE(' ( ' E L ! ) ' )  'THEN' 'GOTO' Z1 
'ELSE* 'GOTO' Z2;
•END'?
START: 'FOR' A : - I  'S T E P ' 1 'U N T IL ' TOTAL 'D0« * *
•BEGIN* WAVLl'TTH( A ) WAVLNTH( A ) -MARKER5
‘ END’ ;
. MARKER: -WAVLNTII ( 1 )  ;
‘ FOR’ A’s.wl 'S T E P ' 1 'U N T IL ' TOTAL 'DO’
' BEG IN ' 7 FLARE(A) j «FLARE(A)-FSZERO - (FTZERO-FSZBROj'x' ( WAVLNTH( A)
-MARKER)/ ( WAVLNTH( TOTAL) ^MARKER) ;
LAMP(a ) :«LAJ/jP ( a ) 1 LSZERO-( ITZERO-LSZEEO) * (WAVLNTH( A) ~  
MARKER) / ( Y/AVLNTH ( TOTAL) -MARKER ) ;
.RAT 1 0 (A ) i “ FLA R E (A )/(LA M F (A )* 10 0 0)* G A IN ;
.... Y/AVLNTH(a ) ?-STORECOEFF( 0 ) -i-STORSCOEFF( 1 ) *WAVLNTH( A )+
STORECOEFF(2 ) * (  WAVLNTH ( A )p 2+ST0RSC0EFF( 3 )>(V,rAVLNTH( A)f»3 ); 
: +ST0REC0EPF(4)'x-(Y/AVMTH(A>v14 ;
, . ; ‘ END’ ;
XSUM: -YSUM: -ZSUMs =D: -ENSUM s «0 ?
, .’ GOTO’ Sl(LAMPNOS); ‘ •
X I ;  ‘ FOR’ A :^300 ‘ STEP’ 5 ’ U N TIL’ 800'D0«
E N L A M P (A ):~ L A M P 1 5 6 11 ((A -2 9 5 )/5 )5 ’ GOTO’ Y l ;
X2s ’ FOR1 A :=300 ’ STEP' 5 ’ U N TIL' 800 'DO' .
MLAMP(A) : =LAMFo211 ( ( A - 2 9 5 ) '  / '  5 ) ;  ' GOTO« Y l ;
X 3 : ’ FOR' A : -3 0 0  »:STEP' 5 U N TIL' 800 'DO'
-ENLAMP(A):«  L AMPo2 1 2 ( ( A - 2 9 5 ) ’ / ! 5 ) J  'GOTO' Y l ;
Y l ?  'FO R' A : = l  ’ STEP' 1 'U N T IL ' TOTAL ' DO' '
»I F ‘ WAVLNTH(a)>300 ' THEN» ' GOTO' Y2 : 'E L S E ' 1 G0T0«.-Y3;- 
Y2 i , ' I F '  V/AVLNTII (ftA)<8Q0 .'TH33N' ..‘ GOTO* Y/f * ELSE' . 'GOTO' Y3 
Y4s IKTERLAMP ( A ) s £  TQUIPOLPLUS ( 3OO, MLAII17# V/AViNTH ( A ) , 
3 0 0 , 8 0 0 , 4 V i# );  £ 0 ’ V  '• : / • '  :i y •■£■■''' ■ .
INTERXSTIM 'A)-*« EQUIPOLPLIJS. (+0,XSTIM ,W A VLN TH (A ) , •/
3 0 0 ,800 , 4 , 5) ;  y - 4  ft 4 •
INTERYSTIM( A ) s=EQUIP6KPLUS ( 300", Y S T B i,W O T N T H (A ),
3 d o , 8 0 o , 4 , 5 ) ;  -ft\" ; - f t ;  -I Z ftK  • ; . f t  ■ / ' /
INTERZSTIM(A) %^ EQUIPOLPLUS( 300 j ZSTIM,V;AVLNTH(A) , 
300,800+^5); : ft ' ft/ ftftft’ft ' ft - ft ; .ft; ” " .
ENEL ARE(A) s =RAT10 (A)CTIRPERL AlVlP(A) ;
MAGSTORE(1+ A ) s=ENFLARE(A.) ; 'ft; • ; - ft • ' ft- ' /■ . -
X S l)& » E N F L M ^  +XS]01J;• • * - 'f t .  ft ' a  ./
:Y SUM EMFLARS(A)-*INTERYSTIM. ( A ) + YSIM ; ft; V ; ' . ■••ft-/
ZSUM % =ENFLARE(A ) 'x'INTEHZSTlRl( A ) -i-ZSUM;
! I F 1 SECifO 'THEN1 ft. : U. v ■..;■/ . ./ ftft;’ . / f t ”
EN SUM ? =EN StfM+ENF LARE( A ) /
D?»D+1; 4. ft? - ft,
Y3s SPAREs=0; • / . / + + ' •  ft -47 . . ■ ; . , ft*
• ‘ e n d ' ; , 7 / 7 ,  f t / : ,  f t y / ft  " / /  • / . / V . "
N EW LIN E(4); ' A- ft ft ,/7  ’ ft /ft ft 'ft
WRITETEXT( « (  'lENERGY/FRO^PYROTiXHHIC%IN^ATTS/STR. + N M ./ ) 
N E Y L IN E (l); -4 /  4 f t , ' . : . ' " / f t -  ' 'ft' ; ft
‘ I F ' NTO+16 ‘ THEN' ' BEG IN 1 ft- ' *44- v.'..
WRITETEXT (  ' ( ' BET\YEEI|feOO^riAND%3GG/^ANOMSrRTY3« ' ) » ) ; '  -ft 
N E Y L IN E (2 ); Ns=0;  'FOR‘ : :A s=l '  ‘ STEP' 1 'UNTIL* TOTAL' : - . ■ 
‘ DO* 'B IX  IN ' /  /-V  ? / ft ' 4  . . .
' I F  ‘ WAVLNTH ( A 800 - - * THEN' BEGIN©'’ . . ‘ft '
X y / X  k X  : ‘ , y  X  pRINT(WA/LNTH(A) , 3 , 1 )  » S P A G E ^ ) s PRINT( jM PIuARE(A) ,  3 ,4  ) J X. ^ X X y X ' 
• / X  X  • kN3jtVLINE( 1 )  ? N*-N +1 ; »ENI);X ; k. * X X y X  y  ( X  ' ’ X X X
X  . . - . /X;-. .  .. ' PTOT s -PTOT+N !; NEWLINE( 3 ) ;  ‘ M l ) «} y : ' ' X X '  X  X / k k \
X X . X X :.,  ’ k ; ; X  ' I F '  NUM-8 'THEM1 'B E G IN ' .y /y y k k . / : • X ' k ' X X .  ’ k ' X X / X  
X  ' ;-;X k v / T O l M E ^  .. ' :v „ X'"
X .  . ‘ - , X  ’ I F '  WAVMTH(n )C 400 'THEN' X  ,k ‘ : '■ X t iX 'S  X-' X t . X ' ; y k k
. kX/k'y 1 BEGIN' WRITETEXT('« (:'B EL0 7//4 00 M .,':) ' j ? N m i N E ( l )  i . . :'v;XkX.ky.’k 
y :\  1 FOR £ A s / i  $X A l l  k  W HILE1 kw /V IJIT lj ( A^</bO , ' DO I  .: k X i X / f l y  X X '
X  • • X; '(BEGIn X  PRINT(Y/AVINTH(A) , 3 ,  l )  SPA'CE(5); ■ PRIN T(EN FIiA RE(A^X aP X  
X k X ,.  k ‘'XXXX ,3 y 4 )|k N 'L fl- IN E : ( l )  ? NP«N+1| y/Xk •; kk- . k :X .X k,flX- 
... ■ XXX' 'end' ;k.X k. /X"X..;?;X. y y  kX /X k. .• -.X v Xk
y x x  X , y  .;;: : X ; X : X e y l i : n e ( 2) ; X  y  ? ‘k X X X  . x y  . : • y X k P - ;  ’ ' X  X X
k X X X ' T O / r X ' I F '  WAVli?TH(N)>4pp' «iND» • WAVLNTfl(N)<50C)• 'THEN"*,. 'BEGIN.'. ■: 
X y / X y  WRITETEXT( » ( ' 4 0 0 / T 0 / 5 0 0 N M o N ^ rL3^TB(:i )  j X .  y  X X X X X y k  kk 
X :  ' kk' k : 5 «FORVkAs-N, A + l 'W IIIL E ' WAVINTH(A)?40p- '.AND:' /Y/AVLNTH(A)X5Pp;kpO'
'B E G IN ' . ( PRINT(,WAYLNTH(a )  , 3 , 1 ) '  S SPACE (5  j  ? PRINT( ENFLARE( A) ,  3 * 4 ) j
, ' ...ypyX hs-yijne(i)? :ns«n+i ? z  X y y ’ X  ,.; . ,: ’X ' XkXXXX-pX-
X  . . : x  k k k - X ;-:'EN D' j  X  • . X X ; X k  pu kkk'p ' i;. ;:k  ■- y  X  X y / X k  X X  y  X-'
; :y : k N )M H N E (2 ) ; 'END«j X ;  . k. ' X  X X / y  X;--/ \ k  : ' . y / X  -  •' X / y  ■
. ' X f 1 w AviN TiiCN pfioo ,;'anD'^  ^ v /a v ln t h (n )^ 6o o ^ ^ ' T h m ' X k y k x x / . : .. .
y  *BEGIN:!v X 'k  WRITETEXT( ' ( ' 5OO/TO/6OONM. * ) !.) ikNEYXlNE X l )  ? : ( “ X ‘~ (X y  .
rk  k X y  .kkA:XFO R»kAj^N ,A+i 'O T IL E 'k w A V L N T H ^  *ANpjy'cWAYXN!^A^^
'B E G IN ’ PRINT(WAVLNTH(a ) , 3 , 1 )  ? SPACE’( 5 )  ? PRINT(EIJFLARE(A) , 3 , 4 )  ? kk V ;-X
k - • ; z + k k k k  N a v X iN E C i); n s « n + 1 ; X - v X y  . X k k ' X .  '''’ • ; X X " X X :  : -y . .
• k / X k k  'END®? . k y  -.v-.v/''X'; k x / X y X x : '  k X x ' " • X k - k k x x X .
y ; X :  X : .. : NEV/LIN E ( 2 ) ; ' E N D ' ?
k- kXy k- 'if' y/'aylnth(n)P'6oo 'and! wavlnth(n)^7°o 'T1ISN1 .;k X X
: : i7 y X X y v ;'
JBEGIN*
‘ BEGIN*
‘ BEGIN*
'.BEGIN •,
WinTETEXT(^^' (-'bO Q ^W O NM o 1 ) ' ) ;  NEWLINE(i )
'FO R' A b N ,A + l ' WHI L E ' WAV I.NTH ( A )Y O O  'AND' WAVLNTH ( A ) b  OO 
; I ‘ ANB‘ N<(TOTAL 1-1) 'BO ' . /v ;
PRINT (WAVLNTH (A ) , 3 ? l ) ; SPACE(5) 5 PRINT(ENFLARE(A) , 3 , 4 )  f 
N E Y L IN E (1 )| N s~N+1 ;  7 \  ' Y . b  r ' Y  : b
«end  1 ; • Y  ; - v  f  3 7  :y
: N:EVLINE(2 ) | ’ END! ? . ' b  -■■--'7' b 7 :‘ b
«I F ' Y/AVLNTH(N)>700 *AND« WAVLNTH(n )< 800 'AND' N<TOTAL+l j 
'"THEN' ‘ / ;  v Y  ' ■ /  ‘ :
WRITETEXT( > ( »OOO/jlOjSOO NM, ' ) « )  ; N E Y L IN E (l) ; - . . /V  3,7,;
; 'FOR' ■ A-swNjA+I 'W HILE' WAVLNTH(a ) *700 «AND ' WAVLNTH(a )<800 
7 «AND' N<(T0TAL-i-1 ) 'DO*. , . - . Y  ;3. ' /b, ,
■ PRINT(WAVLNTh ( A ) :»3 , 1 )  j. SPACE(5) ;• P R IN T (e NFLAHE(A) , 3 , 4 ) : ;  
N EW LlN E(l) j. N s-N + 1 ; • ■ b . b b  Y  -
' E N D ' ; b  - ‘ 7' . -
1EW LIN E(4) ;7:7* END * ; . PTOT s - P T O M - I ; b b
'END5 ; 7 : ■
SlGMs-XSUM+YSUM+ZSUM; • . :
TO ITETEXT( » ( '  CHRO M ATICITY^O O RD IN ATSS^lbbRO TECM IC* ) ' )  ; 3 
N M L IN E ( l) ;  WRITETEXT( ' ( 'X» ) ' ) ; SPACE(5) ; PRINT(XSUM/SIGMA 
MAG STORE( TOTA.L-i-2) : -XSUM/SIGMA; b b b
N E W LIN E(l) ; Y/RITETEXT( ' ( ' Y ' ) ' ) ;  SPA C ER ).; PRINT( YSUM/SIGMA 
1 , 4 )  ; N E W LIN E (l) ; Y/RITETEXT( * ( ' Z *) '  ) ; S P A C E (5); PRINT(ZSUIvI
/ s ig m a  , 1 , 4 ) ;  n e w l in s ( 4 ) ;
MAGSTORE(T0TAI.+3 ) : -YSUM/SIGMA; ;
‘ . MAG STORE ( TOT AL+4 ) : -ZSUM/SIGMA;
. WRITETEXTC’ ( « LUM IN O Us/lN TEN SITY^bybYRO TEC?IN IC/lS' ) '  ) ;  -
. Y SUM; L(YSUM*500x'680 ) / D ;  SPACE( l ) ;  PRINT ( YSUM, 5 , 0 )  ;
MAG STORE( TOTAL+5) :«YSUM;
S P A G E (l); WRITETEXT( 1( ’ CANDE LAS ') ' ) ;  N EW LIN E(4)5 •
' I E « SE0&0: ' THEM' ' BEGIN'
ENSUMs=35N SUM/D; • V  4  • . ft" . • . ;ft.
MAG STORE ( TOTALf.6) i  = EM SUM; ‘ V ’ V-  •
VffiITLXT( '"( 'OUTPUI^IN/BANDY/IDTH/^OO^SOONI'^IS' ) » ) ;
4 SPACE(1) © PRINT(ENSUM/4. 2 * 1 0 , 5 , 0 ) ; f tS P A C E ( l ) ;
WRITETEXT( ' ( 'KILO CALO RIES' ) ' ) ;
' END' ;  " f t -  . ft-
WRITEB1NARY ( 1 ,  MAGSTORE, 1 (  ' MAG STORE' ) ' ) ;
' I F '  NUNUMtNUM ! THEN1 ' BEGIN' SELECT IN P U T© ) 5 
PAPERTHROV;
' F O R S P A R E i =NEXTCH 'W HILE' ' SPARE=l6 'DO' SK IP CII; ;:V ; '  , ;R 
»IF :' SPARE=CODE( ' ( ’ EL» ) » )  'THEN' .'GOTO' Z1 > ' - - -
'.ELSEi GOTO1 Z2 ; A •
' E N D ' ; 4  -
*. ■ ft ;  >
NEITLINE(IO ) ; S P A C S (3 5 ) ; WR1TETEXT( • ( ' NUMBE^T^.WAVLENGTH/ 
r j  ENERGY/READI. C%OK%TAPI%~«)«.). s' PRINT ( RTOT, 4 , 0 ) ; NB!JLINE( 3 ) 5 
SPACE.C 3 1 )  5 V/RITETSXT( « ( ' NUl/ffiF^F/M VLENGTH/2JIElIGY%  . / 
READING%IN/oPRINT~OUT+' )  ' ) ;  PRINT( FTOT, 4 , 0 ) ;  NEV/LINE(.3 )  5 
SPAGE(45 ) 5 WRITETEXT ( « ( ' EFFICiMCY%OF%RUN%WAS' ) « );
PRINT( ( ( FT0T*100) / RTOT) , 1 , 0 ) ;  4  ' ‘ '
WRITETEXT ( « ( ' X3ERCENT ? ) ' ) ; NEWLINE1( 3 ) 5 /  SPA C E(l6 ) ; 
SE I,EC TIN PU T(3); SPARE; =READ; ' I F ' SPARE=1066 'THEN' 'B E G IN ' 
WRITETEXT ( ' ( ' THIS%TAPIiycHA,S/^OT^'uBEM%IULLY%DEALTjAYITH1 ) * ) ; 
NEWIjIN E (2 ) ; S P A C E + l)  ; WRITETEXT( « ( ' THAT%WHICH^feEMAINS% 
FOLLOWS/lDMEDIATSLY' ) * ) ; 'GOTO' Z4; 'END' ; •' : .
' NEi7LINE( 6 ) ; SPA CE( 3 3 ) j Y/RIT3LTEXT ( ' (* TH IS/TA PE^ 
■ ' . &AS/iB3i£j^ * ) ‘ ) :
PAPERTHRQW;
’ F R E E !/T ( l) ;
1ENJ)1 ;
'END';
'END 'y 
• ■ 'END';
' NO OF BUCKETS USED 133  
COMPILED. # S 0 7B  : EC.
THE FOLLOWING PAPER WAS
PRESENTED AT THE SECOND 
INTERNATIONAL PYROTECHNICS 
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Some Observations of some Pyrotechnic Compositions 
by V.S.Griffiths*, D.C.A.Izodf, E.O • Sullivan4
This paper mainly describes the work done to measure spectral 
power distribution of the light emitted from the flames of a large number 
of pyrotechnics in the visible and near infra-red wave band (400 - 1000 nm). 
The flares were based upon compositions which contained magnesium as the 
fuel and used inorganic oxidants in general, but on many occasions observation 
were made of flares which contained polytetrafluoroethylene (PTFE) as the 
oxidising material. Efforts were made to identify spectral lines and thus 
the composition of the active species and additionally a few thermocliemicai 
results are reported where they have significance to the subject under 
discussion.
Experimental I)etail s
The spectral measurements were made with two types of instruments 
(a) a rapid scanning spectro-radiometer and (b) emission spectrographs of 
various types.
The scanning spectro-radiometer was based upon a Perkin-Elmer Model 
108 rapid scanning monochromator and the measurements were made at the 
lloyal Armament Research and Development Estahlislmient.
The instrument is a four-pass prism monochromator and the waveband is 
scanned, using a nutating mirror. This device, which eliminates the 
necessity for any reciprocating parts, allows the waveband of interest to 
bo scanned at frequencies of up to 150 scans per second. At these scanning 
speeds, specialist recording equipment must be used in order to reproduce 
the spectra for subsequent data processing, and during the period in which 
this work was carried out, an oscilloscope and a moving film camera were . 
employed to record the spectra. Because of such factors as tlie poor spot 
size/deflection ratio inherent in all oscilloscopes, the limited film 
emulsion speed, the effect of persistence in the phosphor of the oscilloscope 
etc.,the spectra were produced at 2vr scans per second. This has been an 
improvement by a factor of about 10 over scanning speeds previously used 
and this increase in scanning speed lias indicated that there are fluctuations 
of a periodic nature in the light output from a pyrotechnic. Further work
has been initiated to evaluate this phenomenon, using a faster recording 
system, which extends the measurable frequency range to 20 kHz.
A number of minor modifications and additions were made to the 
monochromator before spectral power measurements could be carried out 
satisfactorily. Tlie existing photomultiplier was replaced by two photo- 
multipliers of greater sensitivity, but a more limited spectral response,.
These were ah E.M.I.. 9558 QA for the range 400 - 650 nm. and a RCA 7102 for 
the 600 -1000 nm, 'waveband.. The signal developed across the anode load 
resistance of the photomultiplier was amplified, using a D.C. amplifier 
(band width D.C.-100 kHz) and the resulting signal was. presented to one 
of the Y deflection amplifiers of a dual trace oscilloscope. A wavelength 
marking device was incorporated into the monochromator, using a photodiode 
and a miniature light source in conjunction with a chopping disc/ The 
chopping disc was connected via gears to the nutating mirror so that as the 
waveband 'was scanned a number of wavelength markers were produced and these 
were displayed on the second beam of the oscilloscope directly beneath the . 
first trace. ‘ : ' . •
A feature of the wavelength scanning system is the sinusoidal 
nature of the sweep. In order to linearise this, a sinusoidal sweep voltage 
must be generated exactly in phase with the wave length scan and applied to 
the oscilloscope. The manufacturers have achieved this by means of a tuned 
anode, tuned grid oscillator. The amplitudes of the oscillations produced 
are susceptible to the amount of capacitance in the grid -circuit and this / 
is varied by means of a pick-up on the nutating mirror drive shaft. .
The energy calibration of the spectro-radiomeier was carried out, 
using a strip filament tungsten ribbon lamp, calibrated by the National 
Physical Laboratory, for colour, temperature and luminous intensity. The > . 
spectral power distribution of this sub+standard was evaluated using: 
techniques which have been previously described by W a l s h a n d  Ilayward et.al. 
Wavelength calibration was achieved using a series of discharge tubes and 
it should be noted that this was complicated by the fact that- owing to tlie 
rapid scan rate and the frequence of the A.C. voltage applied to the tube 
a number of dead spots were evident in the wavelength scan. • -
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Two emission spectrographs were used.
(i) A Hilger medium quartz spectrograph fitted with quartz optics.
(ii) A Ililger F.2 spectrograph as normally used for observing Raman spectra.
Tlie relatively large light grasp of this instrument gave advantages when 
only short burn times or very weak bands were being observed.
In both cases recording was made using photographic plates, the 
emulsion being chosen to match the region of the range of the spectrum 
being observed. ,
Observation Technique
The pyrotechnics were burned in a variety o-f ways. When observations 
were being made using the scanning spectro-radiometer they were combusted 
in a burning hearth, ventilated with just sufficient up-draught to remove, 
the copious quantities of smoke generated. The walls of tlie hearth were 
of a very low reflectance. Light radiated from the flame of the burning 
pyrotechnic was incident upon a screen coated with smoked magnesium oxide 
before it entered the monochromator. This ensured that the field of view 
of the instrument was completely filled and that an average sample of the. 
light emitted at any instant in time was observed. To some extent the 
band width employed in the monochromator depended upon the intensities 
of the radiations from the pyrotechnic and typically this was 2 nm. in 
the blue region of the spectrum,increasing to 8 nm. in the red.
The observations made with the emission spectrographswere normally 
carried out in combustion chambers, the smallest of which was 10 in. in 
diameter and 2’6” long and the largest of which was 2'6" in diameter and 
4* long. In both chambers there were viewing ports and a sufficient up­
draught was maintained once again to remove any smoke. When burning in 
inert atmospheres such as argon and at reduced pressures, experimental 
difficulties became apparent, due to the fact that there was some 
obscuration.of the flare hy the smoke produced towards the end of the burn.
(!>) Emission Spectrographs
Figures 1 - 5 show, a few results obtained with the spectro-radiometer . 
arid represent the/ relative spectralpower/distribution, plotted as functions 3 
of wave length in the wave band 500 nm. to 900 ran. The key to the ide ritification 
of the constituents of the pyrotechnics is given in Table 1 below and.tlie 
groups "indicate/flares with the same fuel and oxident, but with different 
binders. : r* \/-Y / ’" ; , • ' ,
Table l 4 7 7 7 y ;7 7 \  . • / / / / •  •' •' 7- .. / Y '7 S :Y
Group : . Fuel(s) Oxident(s) . \  Binder(s) ■'••'■7:77/7;
II 3; /•:'. Mg
Starch
a  Y/7Y/'v77y:
KCX04
, Y ° 4 .
Lithographic Varnish (L.V.) 
Boiled Linseed Oil (B.L.O.)
IV .. Mg 7 ; Sr(No3)2;
Chlorinated rubber 
( r  n 1
B.L.O. ;‘:€ / '• • ' v -7 vv '
;*
CC.lt. j  
P.V.C. ,■ 7 • ..” ■' 1 7 _' /■ ., 7 7,/'• 7.'7’cy/7;,
/III 77 • Mg NaNO,. u - l.v . ,. v ' 3 ,./ ' -7:/’.
Ba(N03)2
Mannito 1 /■:
Acaroid Re sin (A.R.) -;7. ’
X . Mg; • NciN03 Plasticised BakeLite 
■ ,Varni sh (P.B.V. ) 3 :• Y  Y :'’: 
L.V., A.R. , B.L.O. r : 4
fXV / Mg / .. P.T.F.E. ‘ v - 7 -7 • y*‘ ...s
In each case, representative spectra from each of the groups given above 
are reproduced./Unfortunately, because the pyrotechnics selected for /analysis:// 
were chosen on grounds of expediency rather than graduations in fuel and oxident 
content for a common binder, it is on occasions difficult to extrapolate results 
from any particular group. For example, the effect of replacing llthographicF ' 
varnish hy ivory powder in a magpiesinm/sodiiun nitrate, bariumnitrate pyro­
technic increases,the luminous intensity over 5-fqld and moves the chroma- /
ticity coordinates towards the white ( 0.333, 0.333) ]>osition on the C.I.E. + -
chromatic ity diagram, despite the fact that both the proportions and particle 
sizes of the fuel and oxidents remain the same. However, work is proceeding ; 1
on a systematic study of the effect of variations of fuel in oxident withbiit\v " 
the effect of the binder.
It can be seen that group XI pyrotechnics always display tlie characteristic 
SrCl* red band system \X0232 - 6752 and this is probably due to they2 - 2£, • 
ground state 1 transition (3). Also; the potassium resonance lines at 76919/rimZJZ 
and 765.5 nm, are shown, although these have not been resolved into individual
components. The emission observed between XX 593.0 ~ 610.0 may be due to several
.' : ' , r ( a i  ‘ ( r  1 . • y
species; notably a complex form of strontium oxidex ' and/or SrOF. '. It as ;/ /.
possible that the band at approximatelyX700 is due to Srll, but this is unlikely
y- r- • Z V Y -' *■ ' / y ) /• V - v ; 7;
when a comparison is made with the original work by Watson etal. who obtained
their results using a strontium arc in a stream of hydrogen. ' v-" v
' Group' TV pyrotechnics exhibit similar spectra to those obtained from -Group II 
pyrotechnics,: except of course, that the potassium resonance lines are greatly-; 
diminished in intensity;and are present due to impurities in the composition.
The difference between the two groups is that the former, Group II pyrotechnics, 
contained potassium perchlorate for oxide-nt and the chlorine* carrier for the formatk 
of the SrCl4 band, whilst the Group IV pyrotechnics derive their chlorine from 
organic materials such as polyvinyl chloride. This.latter group burn more slowly 
but give a purer, more saturated red colour when the chromaticity coordinates 
are evaluated. The SrCl* band,seems to be less well defined. It is a common 
feature of colour signal pyrotechnics that the purity of the colour of the flame 
diminishes as the luminous intensity increases. X  :,Y
. Group VIII pyrotechnics, which contain sodium nitrate and barium nitrate/. : 
as oxidents exhibit the well known sodium continuum with the D-line absorption 
due to the cooler sodium in the outer envelope of the flame. The interesting 
feature isrthe near infra red emission, which by comparison with the relatiye;7; ,; 
spectral power distribution of the Group. X pyrotechnic indicates that the X  >
.i  /  X - . . .X' -. • . : : a ’ ’ ( 7 ) .emission is due to one or more species containing barium. Pearse & Gaydon 
favour the polyatomic Ba282 as .species giving the band at XX 817.6 and 865.2
with I3aOil at XX 712.0 ~ 758.0 and \\ 783.0 - 839.0, which is confirmed by the 
existence of a further band at X 512. Tlie majority of the omissions centred abouki
y y  : •••y.A" . ■ ■ ( 8 ) ... x a ; •
the sodiimi continuum are attributable to Ba0x
: Group'X pyrotechnic display the sodium continuum emission and the .■
D-line absorption together with the X826 line. The emission at A769 are 
the potassium resonance lines present as an impurity in the pyrotechnic. 
The weak bands observed are probably MgO, 7
In complete contrast to the spectra produced by pyrotechnics of; the " 
previous groups, those from group XV, i.e. containing magnesium and FITE, 
produce a grey-body thermal emission which in all cases have their chromaticity 
coordinates-lying very close to the black-body loeus on the C.I.E. C>:,
chromaticity diagram. The correlated colour temperatures lie in the region 
2200°K - 2400°K, and this agrees well with the measurements made by thermo­
couple s on the flames of these pyrotechnics. A comparison with the power 
radiated by a black-body radiator, using an estimated flame size indicates 
that, in this wave length region, the emissivity of the flame is about 0.55
■ ' ... - ( 9 ) . • . • '  ■ ‘ . ft-.to 0.9. Stull & Plass have investigated the emissivity of dispersed 
carbon particles at various wavelengths (0.4 y- 20 y ) and concentrations
g ft . ,  '-i ' \  15 3 ‘ * ’ = &
of 10 particle s/cm' to 10 particle s/cm . From the re sults pre sented in 
their paper,.-if- it is the presence of carbon agglomerates producing the
emissions from the flame, then this indicates that the particle concentration
; .- ]_3 3 . o . . -.ftis of the order of:10 > cm and the particle size is about 50A. The variation
of emissivity with wavelength is given in Table 2 below.
Table 2 ’ ft-7-1
■Comparison of 500 cm black-body with a pyrotechnic
i 7
micron
watts/ str/5nm
2200°K black- 
.body
.
watts/ str/5nm
Pyrotechnic.
i
f
.50 ' 2.0 1.76 .88
• OO 3.9
v „
2.72 .70■
.60 7.1 4.3 ,61
.65 11.0 6.7 .61
.70 15.6 10.1 .65
.75 20.6* 13.4 . 65oCO 25.1 15.4 .62
.85 ' 30.8 17.7 .58
Luminous Intensity and Chromaticity Calculations
The luminous intensity and chromaticity coordinates of the light 
emitted by each pyrotechnic flame were evaluated by forming the products:
x = |P(x).x (x)ax , y = Z P(x)«y (x)AX etc.
where x, y and z are the tristimulus values obtained by the convolution of 
the power distributions with the C.I.E. distribution functions for the 2° 
observer. The chromaticity coordinates were derived in the usual manner, 
thus: .
The luminous intensity was obtained from the y tristimulus value using 
the factor 680 lumens watt 1. ■ "
Figures (6) through- (8) show the variation of luminous intensity with 
the burn rate for one square inch burning surface flares. The groups shown 
correspond to a series of common binders and variations in the proportions . 
of fuels and oxidents. The most notable feature about these graphs is the 
large difference in the burn rate for a given luminous intensity between 
groups II, VIII and that for group XV. Figure (9) shows the increase in the 
luminous intensity with percentage magnesium content for paper and lantex cases 
filled with Mg/PTFE composition. Contrary to the trends obtained with Mg/ 
inorganic oxident systems, which exhibit, a maxima at about 55% Mg content, 
this system shows a fairly linear increase<in luminous intensity up to 70%
Mg content. * ;V '
Figure (lO) shows the effect that increasing Mg content has on the 
chromaticity coordinates, which is to move this point more closely to the 
white point on the CIE chromaticity diagram, giving rise to the higher • 
correlated colour temperature observed with-this system.
Further work is continuing at E.A.R.D.E. in investigating the periodic 
nature of the fluctuations sometimes observed in the luminous intensity, 
using the PE.108 monochromator at a high scan rate, and in conjunction with 
the University of Surrey, a more detailed investigation into the mechanisms of 
light production of a limited number of pyrotechnic systems is being carried out.
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Spectroscopic analysis of the emission spectra of Mg - P.T.F.E. systems 
usually showed the presence of Mg, MgF, MgO, C , but the spectrum showed
C*
considerable variation with ambient pressure.
Table 3 shows the results obtained with Mg/P.T.F.E., compositions at the 
stoichiometric values.
Table 3
Mg/P.T.F.E. Stoichiometric Composition
1
Species Wavelength Pressure mm of ITg
760 - 250 150 - 50 50 - 20
Mg Triplex. 518.4 nm X X X
Triplet 383.7 X X X
Triplet 383.7 - X X
Triplet 309.7 - X x
Mg 457.1 nm X X
MgO Visible + U.V. X - ■ -
C2 Visible - ■ X X
MgF 359.0 nm 1,0 X X X
0,0 X R X
0,1 • X X X
MgF, Mg in absorption*
369.0, 2852 nm X
x = Detected 
- - Not Found
R = Exhibiting self-reversal
(* = refers to a particular region of the flame near the surface. 
This effect has not been investigated below 250 mm pressure)
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The ’structure' ol' the flame showed considerable variation with the 
pressure anti sketch diagrams are given below (size of flame as seen).
Fig.11. • • : ... ...
Cs&ia | 1  » solid
760 - 120 mm 120 - 60 mm 60 - 10 mm
The figures show ’impressionistic1 and to an extent idealised flame 
structures over the approximate pressure ranges used. The region of the flame 
marked B is the most luminous, and may be considered the 'reaction zone', 
zone C then corresponds to a 'burnt-gas' region. A secondary reaction zone,
I), is present if the products of combustion react with the ambient atmosphere.
The surface of the pellet is marked A.
• At ambient pressures lower than 200 min’Hg, the reaction zone expands and 
begins to lift off the centre of the pellet's surface. (Structure I I). At the 
lowest pressures, the luminous flame is entirely free of the pellet (Structure III 
In both cases, pin-heads of light are seen on the surface; luminous particles 
move from the surface into the reaction zone so-that, visually observed, the 
surface appears like the surface of a boiling liquid. y
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The secondary reaction zone D, is absent when the pellets are burnt 
in an ambient atmosphere of argon or nitrogen. At lower pressures, in an 0^  
atmosphere zone D, is a green outer fringe on the flame. The luminous flame 
is contained by this green fringe which tapers to a tip. Its presence seems 
to make the flame less turbulent.
Structure I - .
The reaction zone B, emits an intense continuous spectrum. Against 
this continuum, the Mg resonance line at 285.2nm and the MgF ultraviolet bands 
appear in absorption.
The 'burnt gas’ region omits a weaker continuum. The resonance lines of 
Na and Cr, present as impurities, are seen in absorption. The Mg 285.2nmline, 
and the MgF bands, are also found in absorption.
If zone D is present, MgO green and ultraviolet bands are observed in 
emission, as also are several triplet lines of atomic magnesium.
Structures II and III
The reaction zone now emits a weaker continuum than I; discrete emissions 
are superimposed on this background. In addition to Mg lines and. MgF bands, the 
Swan system of C^ is observed. The line/background ratio increases as the ambient 
pressure; decreases.
The burnt-gas zone C shows a much less intense spectrum than B, but apart 
from the absence of the C^ bands, the spectra from these two regions are 
qualitatively similar.
MgO hands are observed in zone D. ~
Because of the interesting behaviour of the flames it was decided to 
determine relative approximate temperature in the zones. The temperatures 
recorded are the maximum temperatures and it is realised that these are not 1. 
the true temperatures, but it is felt that they provide useful ’relative data1. 
The temperatures were measured using a W/W + 2G$> Rh thermocouple at -a" - 1” ’ 
above the pellet’s surface.
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For pressures above 90 mm Ilg, the temperatures arc thought to refer to 
the same zone of the flame - the 'burnt gas' zone C. This is certainly true 
for measurements at pressures 175 nun. Ilg - 760 nun Ilg. Below 90 nun. Ilg, the 
thermocouple was ,in the 'reaction' zone, B, for at least some of the time. At 
the lowest pressures, from say 25 nun. Ilg, the temperature measured is most 
probably that at some point in the reaction zone. _
It is not possible to say at what precise point in zone C the temperature 
was recorded, because
(i) as the pellet burnt, the distance between the surface of the pellet and 
the thermocouple increased,
(ii) the response of the junction in the flame was such that an initial ,step™ 
rise in temperature (to about 800°C) was recorded when the pellet ignited; 
hut, thereafter, the rise to maximum temperature was very slow. Deposition 
of solid on the junction is postulated’as the cause.
Cause (i) could easily be overcome, but in view of (ii), it does not seem 
profitable at present.
Table 4
Composition Mg.
P.T.F.E.
30 50 60 ■ 62 Comparison
Stoichiometric 
Mg/Ba (N03)2 ©  . .r
70 50 40 38
Pressure Temperature in C.
760 14001 17303 2 1 1200©
• - ' i
12503 23002
1600 1250°
* 1150
350 13903 11502
250 13701 1820 2
1790
175 1280 2 9002
1270 1000
125 12801 10601
90 ; 1410 3 1240 2
1060
79 9501
75 13301 11001
•s- ‘ :* -. ...
/  
V.  ,Tal.j.— 
*
/3..Y3-Y 77-37:"Yyt. Y ;Y :i2 ~' • Y ‘y : ’;’" • Y - ::-'- - 7- * : 7
Ie 4 continued y. ' y •/'. - /'. "  '' ;/7- * - • "• ...
Gonlposition Mg 
Y Y  : ; P.T.F.E.
30 7. . . 50 : : GO .77 62 7? ; Comparison 7\;:'77., 
Stoichiometric
+ig/Ba (N o y y
70 ,7 50 40 7 00
Pr(
;
jssure 7 ^ - Temperature in °C.
77 7
60 7: 12451 10901
50 '•■7733 14101
; t ,. 31250
40 14001 / 10001
36 7 151027 . 3 131 ‘ ' 1160 1320
25 '3’-... y 11301 12501
jerscripts indicate different thermocouple junctions.
Attempts were made to extinguish a 38% Mg pellet burning at 17 mm.; pressure 
moving a metal plate between the pellet and -tile visible f lame. It failed to ;V: 
"extinguish.,tlie pellet; tlie particles coming from the surface were deflected 7'/Y : 
Yowriwards. to;,form an 1 ombre 11a' around the pellet. The lowest fringe of the Y ; Y k Y  
!v-'.umbrella1 was green, indicating a reaction of Mg with air . Mien the plate was
ved awayy the flame returned to its normal shape. The plate showed a deposit, 7 
ich was black in colour and preliminary X-ray studies have indicated that it is
F t . ' ^7  ■ '- t .- Y '' y r  y .  - Y Y  . • 7 ' *' ; < ' Y  •' ' ’ . - L I  I V y Y y - ' l Y k
y
I/.inq 
'wll
In general,X-ray studios of combustion products have shown that for this • . •
[qpe of composition the MgF^ crystallite size depends on the ambient pressure , Tbut 
t on the ambient atmosphere during combustion. 7'7
; a: The work was then extended somewhat by taking 0.5" diameter pellets, containing 
yfo arid' 50$ Mg and extinguishing them hy reducing the pressure from 20 nun;, to# 5 mm 
mercury. / ’:■•/• • / \ ’ .. . • ' . '7 y_\ •; •/. 777'-':-.
’ The burnt surfaces were concave, with radii of curvature of 1.6 mm and 1.1 mm 
lospectivcly. Tlie surfaces showed coke-like protrusions and metallic particles. vy 
n removing this layer, areas of a white / sticky nature were found underneath in the 
olid pellet. These areas were sometimes as extensive as 0.2 mm diameter. Yr/yVY.
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Similar white areas were found at the surface of a 30/ Mg pellet, which
stopped burning at atmospheric pressure and in three pellets containing 02/ Mg
which ignited, but did not sustain combustion, at 20 mm Ilg of Oxygen.
X-ray diffraction on the extinguished pellets showed that
a) the looser surface layer (black protrusions etc.) contained Mg and MgF^ in 
approximately equal proportions, together with a trace of MgO.
b) In the first solid layer, the white areas were Teflon; and that this layer 
also contained Mg and possibly a trace of MgFg'
While these experiments were being carried out, the burning times of the
flames were also observed and the x-esuits can be summarised as below:
1. The burning rate (secs per inch) deci’eases with increasing / weight of 
magnesium in the pellet. .
2.. Increasing the particle size of the P.T.F.E. decreases the burning rate at 
760 ram Ilg. ambient pressui’e.
3. Two turning points exist in the burning rate/ambient pressure curve for 
compositions containing 38-50/ Mg; a region is found in which the burning 
time decreases with decreasing pressure.
a) The turning points are in the ranges
(i) 250 - 100 mm Hg
(ii) 80 - 30 mm Ilg
b) The turning points correlate only poorly'with the density of the pellets
(different pressing loads). ‘
4. Increasing the P.T.F.E. particle size shifts the turning points to higher 
pressures.
5. The burning rate/ambient pressure curve shows no turning points for the 60/ Mg 
pellet; the burning rate increases jnonotonically with decreasing pressure.
6. An addition of 10 parts anthracene to the 60/ Mg composition gives a turning 
point at about 150 nun Ilg; the burning rate decreases witli decreasing ambient 
pressure from 700 to 150 mm Ilg and then increases with further decrease of
pressure. The burning rate at 700 nun Ilg is about three times longer than that
for a 60/ Mg pellet without anthraceneY
. Ambient argon arid ambient air give the same burning rate/pressure curve for 
the case of 0.5" diameter pellets burning in the small combustion chamber.
The low pressure part of the curve (<80 mm Hg) depends on the volume and 
' nature of the ambient atmosphere, and on the diameter of the pellet -
a) in ambient argon or oxygen, 0.5" diameter pellets always show a pressure- 
dependent burning rate for pressures less than 50 mm Ilg (the second turning./ 
point),
b) in ambient air, 0.8" diameter pellets burning in the small combustion chamber 
and 0.5" diameter pellets burning in the large combustion chamber have.
•/[ burning rates independent of ambient pressures in -the region 50-20 inm Ilg,
c) air, argon and oxygen give similar low-pressure curves for 0.5" diameter 
pellets burning in the small combustion chamber.
j A parallel programme of work has also been carried out at the University of 
Surrey, in attempting to measure the amount of ionisation in flames and although 
Lhe techniques used were unsophisticated, it was apparent that Kfg/O^  producing; 
oxiderit’ compositions had very low resistances compared with Mg/P.T.F.E. 
k’.oiitaining compositions. Attempts to explain the results for flames containing 
.IgO: required the postulate that freshly formed MgO had a low work function as 
suggo sted by Markste in ^X° .
As a result of this it was decided that work on the 'combustion of Mg in 
ixidents would be pursued. The technique adopted was;one using shock tubes and 
uo date some results have been obtained with oxygen.
Experimental Techniques . .
It lias already been suggested (Tyte, 1).C. 1966 - J.App.Phys. 37 802) that
metal powders (Al, Mg) can be oxidised by reaction with gases that have been
shock heated. Tyte infers that the -aluminium particles break up readily, and
hence combustion:readily occurs, whereas magnesium particles do. not and combustion
is more reluctant. The techniques for shock heating powdered oxideXX  ^and
( 1 2 )  .initiating the combustion of pulverised fuels in a shoclc-tube are well
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The progress of combustion can be followed, by monitoring the emission of 
light, both spectroscopically and intensity-wise, and particle temperature 
thereby estimated for a range of oxident contrations, particle sizes etc. and 
it was hope4 to evaluate the temperature required, for ignition, the final reaction 
temperature and. the degree of oxidation of 'atomised' magnesium particles in 
shocked oxygen atmosphere. * .
The shock tube consists of a straight tube, 30 ft. long and 3 ins. in 
diameter and grateful thanks are offered, to the C.E.R.L., Leatherhead,•Surrey, 
for use of the tube. It is divided into two sections by means of a thin diaphragm 
which ruptures when a pressure differential of 80 p.s.I. is applied.
The powder sample was suspended in a small ''XIELINEX'1 container at the 
centre of the bore, the tube evacuated and oxygen admitted to the low pressure 
section until the desired initial pressure was attained (area 80.- 100 mm Hg).
Helium was then admitted to the high pressure section until the diaphragm 
ruptured. The resulting shock wave travels down the low pressure section and, 
when incident on the sample container, disperses the magnesium powder. Tlie shock 
wave is subsequently reflected from tlie end of the tube and returns through the 
dispersion of magnesium powder in oxygen. The desired reaction is initiated by 
the reflected shock wave, which heats the oxygen to approximately twice the 
temperature of the incident shock wave.
Samples of the magnesium particles of size 30y > d > 15y were subjected to 
shocks of various intensities. Ignition was judged to have taken place when the 
emission of light from the shock tube was observed. Using this criterion, the 
oxygen temperature required for ignition was approximately 900°K. It was found that 
a certain quantity of Mg was required before ignition could be reliably determined 
by visual observation.
The maximum temperature attained by the system was determined by observing 
the reversal of a tungsten lamp previously temperature-current calibrated, and 
found to be of the order of 2000°K. The minimum amount of sample required for 
the reliable observation of reversal experiments was of the order of 25 mg. .
In spe c t ion , of mate rial re covered f r ora the- sh o ck tube r e ve a 1 e d quantities kkXk'Y 
of substantially unchanged magnesium particles, particularly in the; case of lessvX/*• 
intense shocks. Shocks of greater intensity resulted in the hragnesiuim particlesvkQ,. y 
being pitted arid oxide flecked as well as remission of a white smoke upon opening Z : 
the shock tube. I fa S ■
The magnesiuui/potassium nitrate mixtures were shocked to ft»il0'0°K-and in 5 7
each case a feeble emission of visible light Was observed. On no occasion did the 
system approach the temperature of tlie lamp, 2100°K. Examination of the post k:; y. C 
shocked particles- revealed little erosion of the magnes.ium, unchanged potassium Yk . 
nitrate particles and exceedingly few oxide particle's. r ;
The work described in the paper is still in its early stages and miich neeiiX if - 
to be d o n e o f  order to the results obtained. It is hoped t h a t ; T:. 
the programmes will continue and that this will allow the necessary system!sation. //
v i ;■
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